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Three-dimensional modeling of topographic effects in electrical
resistivity and magnetometric resistivity surveys has been accom-
plished using the surface integral equation method. The technique
provides a means for: 1) analyzing these effects on earth models of
homogeneous conductivity and 2) removing terrain effects from field
data.

A new method combining current source images with surface
charge is developed to treat the air-earth interface electric
field boundary conditions. The method uses an image of each sub-
surface current source positioned above the surface so as to induce
a surface charge distribution which approximately cancels the charge
distribution induced by the subsurface current source. The result-
ing total surface charge distribution varies more slowly spacially
than either of the original charge distributions and hence may be
represented more accurately on a coarsely segmented model surface
with simple basis functions.

The topographic surface is modeled by a finite number of cells,
each with constant slope and surface charge density. Charge values

are obtained with an iterative solution technique. Surface elec=



tric fields are calculated from the surface charge distribution,
current sources and images. The magnetic field is found by evalu-
ating a surface integral involving surface slopes and electric
fields. The numerical sclution is verified by comparisons with
dipole~dipole resistivity results from a two-dimensional finite
element model of a valley and with analytic solutions for the
magnetic fields over a dipping interface. Resistivity and magne-
tometric resistivity terrain effects are investigated by modeling
a suite of 16 two- and three-dimensional terrain features. "Finally,
methods for removing terrain effects from apparent resistivity and
magnetometric resistivity data are described and demonstrated with
examples using actual field measurements.

The results of this study show that: 1) magnetic field and
electric potential terrain effects occur with similar percentages
over a given topographic feature, although their ancmaly patterns
are generally dissimilar, 2) electric and magnetic field terrain
effects generally become significant on terrain features with
slopes exceeding 10 degrees, and 3) the integral equation modeling
technique provides an effective means of determining terrain cor-
rections over realistically complex three-dimensional topography
for both the electrical resistivity and magnetometric resistivity

methods.
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CHAPTER 1

INTRODUCTION

The direct current electrical prospecting methods are powerful
tools in mineral and geothermal explioration. This class of methods,
which includes all of the electrical resistivity techniques and the
relatively new magnetometric resistivity method, is used extensively
to detect and delineate buried geologic structures which have
electrical conductivities which contrast with the surrounding
country rock. Much of this work is carried out in areas of rugged
topography where terrain effects can produce misleading anomalies
in the measured fields. Hence it is important to understand these

effects and where necessary remove them from the measurements.



-1 The Electrical Resistivity Method

The Electrical Resistivity Method (qua1iy referred to as the
Resistivity Method) employs a currenttransmitter which injects a
low frequency (usually 1 Hz or less) alternating current into two
electrodes imbedded in the ground. Low frequency currents are
employed to eliminate electromagnetic induction effects and allow
treatment of the fields assuming direct current conditions. Along
the surface, measurements are made of the electric potential differ-
ence between a second pair of electrodes to detect distortions in
the field due to subsurface zones of anomalous conductivity.

These potential difference measurements are reduced to apparent
resistivity values. The apparent resistivity is defined as the
theoretical resistivity that must be assigned to a uniform half-
space earth model to produce a calculated potential difference
equivalent to the measured value. The equation for the apparent
resistivity is a function of the measured potential difference Vm,
the applied current I, and a geometric factor G which is a function

of the position of current and potential electrodes:

Py = G Vm/I .



1-2 Terrain Effects in Electrical Resistivity Surveys

By definition, the apparent resistivity of a uniform half-space
measured with any electrode configuration will be equal to the half-
space's intrinsic resistivity. This concept of apparent resistivity
may be extended to an earth having an irregular surface: apparent
resistivities measured on a uniform earth with arbitrary terrain will
equal the intrinsic resistivity of that earth. However, the applica-
tion of this definition requires the caiculation of the unique geo-
metric factors for the specifié topography and electrode geometries
involved. Because of the difficulty of computing the appropriate
geometric factors for an irregular earth surface, it has been standard
practice to apply the more easily calculated flat~-earth geometric
factors irrespective of the type of topography the data were collected
over. This inappropriate use of flat-earth geometric factors is the
basic cause of terrain effects in apparent resistivity surveys.

The data in a typical resistivity survey will consist of several
tens to several hundreds of potential measurements made with varing
electrode positions and spacings. These data are generally plotted
as apparent resistivities verses electrode separation and/or measure-
ment location to form resistivity sounding or pseudo-section diagrams.
Although these diagrams do not represent the actual distribution of
earth resistivities, they are a means of organizing the data, so that
patterns diagnostic of particular earth conductivity structures may
be identified by comparison with model results. The effect of irregqu-

lar terrain on these resistivity diagrams is to produce fictitious



patterns of anomalous resistivities which tend to obscure the

anomalies ecreated by subsurface geologic structures.



1-3 The Magnetometric Resistivity Method

The Magnetometric Resistivity (MMR) method was first patented
by Jakosky {(1933), but received little use until about 1970 when
improvements in instrumentation made the method a viable explor-
ation tool. The MMR method is similar to the Resistivity method
in that both techniques employ a current transmitter unit which
injects low frequency (non-inductive) alternating currents into the
earth through a pair of electrodes. However, the Magnetometric Resis-
givity method differs from the resistivity method in that the poten-
tial measuring electrodes are replaced by a sensitive coil or magne-
tometer and a component of the magnetic field due to current flow in
the earth is measured. The presence of a conductivity inhomogeneity
redistributes the flow of current causing a perturbation in the normal
magnetic field pattern. Conductive zones will generally have higher
than average current densities resulting in increased horizontal com-

ponent magnetic field readings over these zones.



1-4 Terrain Effects in Magnétometric Resistivity Surveys

Terrain effects occur in MMR surveys when measurements made
over irregular terrain are reduced using half-space primary (normal)
magnetic fields. The half-space primary magnetic field is the
theoretical field produced by a current source imbedded in an
electrically homogeneous half-space and is defined by a simple
analytic expression. Reduction of MMR measurements is accomplished
by subtracting this half-space field from each measured value; the
residual quantity is the MMR anomaly ,which is non-zero only when
the normal half-space current flow pattern is disturbed by zones
of anomalous conductivity. Terrain features also disturb this
normal half-space current pattern -- generating MMR terrain
anomalies. To prevent these terrain effects, it is necessary to
calculate and remove the theoretical magnetic fields for a homo-

geneous earth model of the terrain in the survey area.



1-5 Terrain Effects in Electric and Magnetic Induced Polarization

Survezs

The electric induced polarization (EIP or IP) response of a
homogeneous earth is not affected by topography (Fox et al, 1980).
The measured [P parameters, percent frequency effect, chargeability,
and phase angle represent the ratio of polarization current to nor-
mal current and hence are unaffected by terrain effects, which
distort normal and polarization currents to the same degree. How-
ever, the IP response of a finite body is altered by irregular
topography because the polarization and normal currents are dis-
torted by different amounts.

Topography has much the same effect on the magnetic induced
polarization (MIP) method as it does on the EIP method. It is
fundamental to the MIP méthcd that a uniformly polarizable earth
with an arbitrary surface produces no MIP response, and hence is
free from MIP terrain effects. The way in which terrain influences
MIP observations over a finite body depends on the method used to
reduce the MIP measurements, I|f the MIP effect is calculated as
the ratio of polarization magnetic fields to total measured magnetic
fields, terrain effects result because topography distorts polari-
zation and total fields in different proportions. (This method of
calculation is analogous to that applied to EIP observations.) Al-
ternatively, if the MIP effect is calculated as the ratio of polari-
zation to anomalous magnetic fields, both of which are affected by

terrain in the same way, MIP terrain effects are largely cancelled.



However, accurate determination of the anomalous magnetic field
depends, first, on calculating the primary (normal) magnetic
field, which can be significantly distorted by topography. For

a description of the MIP method see Seigel (1974).



1-6  Previous Work on Electrical Methods Terrain Effects

The first description of terrain effects in a direct current
electrical methods survey can be traced to the first full-scale
field test of the equipotential (electric potential) technique, a
method conceived and developed by Conrad Schliumberger in France in
1912 (Allaud and Martin, 1977). Schlumberger's technique is based
on the measurement of the electric potential field in the vicinity
of a pair of widely spaced grounded electrodes which inject a low
frequency alternating current into the earth. Conrad Schlumberger
noted that distortions of the equipotential lines near g particular
steep slope were due to the geometry of the slope causing zones of
diffused and concentrated current £low.

Due to the difficulty of evaluating terrain effects, they have
until recently been largely ignored. Tank models and analytic
solutions have provided insight to the problem but have not provided
the flexibility required to treat real field data. The availability
of high speed digital computers in the late 1960's made numerical
modeling of electrical methods for exploration geophysics efficient
and practical. Although there have been numerous resistivity numeri-
cal model studies for inhomogeneities beneath a flat earth surface,
there have been only a handful of studies treating the effects of
topography.

The publiished studies of topographic effects in resistivity
surveys have employed a variety of numerical techniques. |In most

cases, the computer programs used for these studies were slightly
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modified versions of programs used for flat-earth inhomogeneity
studies: Jepsen (1969), using a finite difference program, modeled
the surface electric field distortions produced by several 2-D
terrain features in a uniform D. C. electric field. Coggon (1971)
used a two-dimensional finite element program to model dipole-
dipole and gradient array resistivity and induced polarization
responses over a valley and hill. Hallof (1970) and Rijo (1977)
have demonstrated terrain effects in resistivity surveys with a

few two-dimensional models. Fox et al (1980) made a systematic
model suite study of two-dimensional terrain effects in dipole-
dipole resistivity surveys using a finite element program and pre-
sented a technique for terrain correcting field data. This is the
most complete study of terrain effects available, but it is appli-
cable only to dipole-dipole surveys over two-dimensional terrain.
Papazian (1979) describes an approximate technique employing
Schwarz-Christoffel transformations for modeling resistivity data
collected over two-dimensional topography. Spiegel et al (1980)
show how the approximate electric potential can be found on two-
dimensional topography over a 3-D body by using the Schwarz-
Christoffel transformation. Their method transforms the coordinates
defining the irregular surface and buried body into a half-space,
which can be modeled using a conventional flat surface 3-D numerical
model. Note that the 2-D nature of the Schwarz-Christoffel trans-

formation necessarily requires that line current sources are used.,
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This limits the usefulness of the two above techniques. Recently,
Holcome, H. T. (1981) (draft copy) has developed a specialized
finite element program capable of modeling resistivity surveys

on three-dimensional terrain over three~-dimensional inhomogeneities.
With the exception of Holcome, H. T. (1981) and the present study,
published work on terrain effects in resistivity surveys have been
limited to two-dimensional topographic features.

Except for the present study, the topic of terrain effects in
Magnetometric Resistivity surveys has not be investigated. The
available flat-earth Magnetometric Resistivity studies consist
basically of a collection of analytic solutions for several simple
geometric shapes by Edwards et al (1978), and a two=dimensional
integral equation numerical model study by Gomez-Trevino and

Edwards (1979).
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1=7 Objective of Research

Exploration geophysicists have long known topographic features
to be the cause of false or misleading anomalies in D. €. electrical
methods surveys. However, the evaluation and correction of these
terrain effects is difficult, requiring the use of forward numerical
model solutions for the electric and magnetic fields over arbitrary
three-dimensional terrains. Up to now, there have been no model
studies on the terrain effect in MMR surveys; and the available
model studies on electrical resistivity terrain effects have been
Jimited to two-dimensional topography. Hence, there is a definite
need for a modeling fechnique which would enable the geophysicist to
estimate and remove three-dimensional terrain effects in both
electrical resistivity and magnetometric resistivity surveys,

The objectives of this research are, then, first, to develop
a computer program capable of efficiently modeling the electric and
magnetic field distortions produced by realistically complex three-
dimensional terrains in electrical resistivity and magnetometric
resistivity surveys; second, investigate the significance of these
types of terrain effects; and third, develop practical methods for
the removal of terrain effects from field data to facilitate unbiased

interpretations of subsurface structures.



1-8 Scope of this Study

This work examines the application of the integral equation
numerical modeling technique to the estimation of 3-D topographic
effects for homogeneous earths in the Electrical Resistivity and
Magnetometric Resistivity geophysical prospecting methods. A new
and fundamentally powerful technique for applying current source
images in combination with surface charges is developed and used
to meet the boundary conditions on the air-earth interface. The
integral equations required for the solution of the electric and
magnetic fields are reformulated in terms of surface slopes.
Verification of the accuracy of the numerical solution is made
by comparisons with independent modeling techniques. Resistivity
and magnetometric resistivity terrain effects are investigated by
modeling a suite of two- and three~dimensional topographic features.
The effect of terrain on uniform electric fields is examined. A
computationally efficient method for estimating tervain caused
vertical magnetic fields is developed and demonstrated. Finally,
methods for correcting apparent resistivity and MMR data for
terrain effects are described and demonstrated with examples using

real field data.
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CHAPTER 2

NUMERICAL MODELING TECHNIQUE

2-1 An integral Equation Approach to the Terrain Problem

Three-dimensional topography is efficiently simulated with the
surface integral-equation method since only the surface of the earth
need be represented by model elements. The other principal numeri-
cal techniques, finite-difference and finite-element, require three-
dimensional meshes of model elements which can become prohibitively
large when used to model detailed three-dimensional terrains. How=
ever, it is recognized that the relative effectiveness of any model-
ing program will generally depend more on efficiency of the program
code and the specific class of the problem modeled than it will on
the type of numerical method on which it is based.

To treat the terrain problem, the standard integral equation
method is modified by a technique for applying images in combination
with surface charges; the resulting integral equation is formulated
in terms of surface charges and terrain slopes. The terrain is
divided into a grid of flat parallelogrammatic plates or elements
on each of which the charge density is assumed to be uniform. An
approximate solution to the surface integral equation is obtained
using the ''‘point matching' method to solve for the charge at the
center of each element. The "'point matching' method is a particu-
lar case of the method of moments (Harrington, 1968). The integral

equation can thus be written as a set of simultaneous linear equa-

14
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tions with surface charges as the unknowns. The iarge'ﬂumber of
surface elements makes a matrix inversion solution of the equa-
tions impractical; but the system of equations is easily and rapidly
solved by an iterative approach.

Once the surface charge distribution has been determined, the
other electrical parameters are easily calculated. Electric poten-
tial is determined from an evaluation of the potential contributions
produced by the surface charge distribution and the current sources
and images. Apparent resistivities are then calculated directly
from the potential. Surface electric fields, which are required
for the calculation of the magnetic field, are determined by adding
electric fields produced by the sources and images to the electric
field due to the surface charge distribution. Finally, the magnetic
field is found, not by a volume integration over current densities,
but, by evaluating a surface integral equation involving terrain
slopes and surface electric fields; an approximate separation of
primary and secondary magnetic fields is used to reduce problems
created by electric field singularities and the finite area of

the model,



2=-2 Properties of an Arbitrary Surface

Essential to the development of the integral equations for the
terrain problem are the following basic analytical properties of an
arbitrary surface. The formulations follow that of Bhattacharyya
and Chan (1977). A rectangular cartesian coordinate system is used
with the z-axis pointing down, the x-axis pointing north and the
y-axis pointing east. Let (x, y, z) define a point on the surface.
The surface can then be defined as a function of two variables and
represented by z = f(x, y). We assume f(x, y) has continuous and
finite partial first and second order derivatives at all points on
the surface. The unit vector n normal to the surface is defined by
the direction cosines (ﬁx, n» ﬁz),where

-f
X

n, = 4 T s
X (v + Fx + Fy )

-f
b
n = Z YA s (Z"'Z“’”
y {1+ fx + Fy Yz

I
n = Z VAP °
z (1 + fx + fy }E3

The variables fx and fy are the derivatives of f(x, y) along the x
and y directions respectively. The relation between a surface ele-~

ment ds and its projection on the (x, y)-plane dxdy is given by

ds = XY L1 4f 2 4 2y gudy, (2-2-2)
n, X y

The normal derivative of a function on the surface is defined by
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the operator

X
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y ay

Z

3z

(2-2-3)
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2-3 Combined Use of Images and Surface Charge

The first paper using the surface integral approach for solution
of the DC resistivity problem was published by Alfano (1959, 1960,
1961). Other papers using this approach have been published by
Dieter, Paterson and Grant (1969), Pratt (1972), Barnett (1972),
and Snyder (1976). The basic equation used in the DC integral
equation method (derived in Appendix 1) is given by

p(P) _ I3 1y, p(M) 3 1 -3
e =k [ Kﬁﬁl an (rPC) + 2w ‘jf 2¢e Sg’é;g;) ds]"(z 3-1)

S

where the geometry is that of Figure 2-3-1, and

3% is the derivative normal to the surface s,

k= (07 = 02)/(0y + 03),

p(P) is the surface charge density at P,

I is the strength of a current source located at C,

s is the surface between the zones of conductivities oy and o3,

o1 and gy are the conductivities of mediums 1 and 2,

£ is the permittivity,
and the prime on s indicates that the singularity at P is not in-
cluded in the integration.

It is an established technique in flat earth integral equation
modeling problems to apply equation (2-3=1) only to the surfaces of
buried inhomogeneities and their images. Satisfaction of the elec~
tric field boundary condition (zero normal electric field) at the

air-earth interface is achieved indirectly through electric field



symmetry created by images of the current sources and the surface
charge on the inhomogeneities. This approach creates a charge free
air-earth interface. Once a terrain feature is included in the
model, the electric field symmetry across the earth's surface is
lost, making the image method unsuitable for the solution of the
surface boundary condition. Three alternate schemes for treating
the surface boundary conditions for integral equation terrain
models are described below.

There are two conventional techniques for including terrain
features in integral equation models. The first simply treats the
air as a semi-infinite inhomogeneity imbedded in a whole-space and
relies on surface charges defined by the integral equation (2-3=1)
to satisfy surface boundary conditions. This technique necessitates
that a large portion of the surface be represented by model elements,
even if much of the model surface is flat. A second technique em-

- ploys an image of the terrain surface reflected across a plane of
symmetry which lies above the highest surface feature. An example

of this method applied to the hill model of Figure 2~3-2 is shown

in Figure 2-3-3. Note that it is necessary to place the hill in a
large topographic depression to create an image of finite size. This
image technique {s a direct extension of the standard method of

using images of inhomogeneities in f?at.earth models to meet the
air-earth interface electric field boundary conditions. The only
advantage in using the surface image approach in a terrain problem

is that where the plane of symmetry can be made to coincide with

19



20

the earth's surface there is no surface charge and hence no obliga=-
tion to represent those areas with model elements.

A third technique for modeling terrain surfaces (the method
used in this study) involves the combined use of current source
images and surface charges. The technique is directed in particular
at treating the extreme variations in surface charge density asso-
ciated with buried or down hole current sources, as illustrated
in Figure 2-3-4a. The problem of rapid charge variation also occurs
on inhomogeneities in flat-earth models where it has been tradi-
tionally managed by the use of higher order basis functions to
represent the charge on the elements or by increasing the density
of elements in the problem area. In contrast, the new technique
eliminates extreme charge variations by positioning a current source
image, as shown in Figure 2-3-kc,above the surface opposite the
current source. In this way,the source and image provide a first
order solution to the boundary conditions, while surface charge
handles the higher order detail of the solution.

To show the validity of this special use of images, we intro-
duce an electric field annihilator surface charge distribution.

This charge distribution completely shields the region it encloses
from externally generated electric fields. The annihilator equation
is easily derived by applying equation (2-3-1) to the surface geom-
etry given in Figure 2-3-4b. By letting o) become infinite, the
electric field in medium 1 is forced to zero and the charge dis-

tribution po becomes an electric field annihilator for medium 1.



Rewriting equation (2-3-1), this annihilator may be given as:

i .
oz (P) Q 3 ! 2 (M) 3 1 N
2¢ " hnoot On (rPQ) o J[ 2¢  9n QF;g) ds, (2-3-2)

!
By applying the annihilator, we are given the freedom to place
current sources above the surface without affecting the electric
field intensity below the surface.

We next apply equation {2-=3=1) to the standard problem of
Figure 2-3-ka in which the current source is located below the
surface. In this case, the surface charge distribution p; is

found by rewriting equation (2-3-1) as

e (P) _ [;_aﬁ__ ) +._J_f ea(M) 3 (J;»)]dse (2-3-3)
. M

2¢ TGy on F 27 2¢e on rP

s
Next the .following conditions are placed on equations (2-3-2)
and (2-3=3): 1) The geometry of the surfaces S in both equations
are identical. 2) The resistivity contrast coefficient k for
equation (2-3-3) is one. This corresponds to medium 2 being

highly resistive relative to medium 1, and includes the cases of

an air-earth contact and of highly resistive buried inhomogeneities.

3) The conductivity of medium 2 in equation (2-3-2) is set equal
to the medium 1 conductivity in equation (2-3-3). With these

conditions met, we add equations (2-3-2) and (2-3-3) obtaining:

I I
po(P) _ "c¢ & 1 e 3 1 1 po(M) 3 |
2¢  bnoy on (rPC) + hroy 3n (rPQ) + 7 J( 5e  Bn (rPM) ds

s’ (2=3~4)

9
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where pg is a new surface charge distribution defined as:

Pe = P1 * p2.

Equation (2-3-4) has some interesting and important properties:
1) its structure is essentially the same as equation (2-3-1) for
k=1; 2) there is no difference in the treatment of current sources
above or below the surface; 3) the application of the electric
field annihilator assures us that a current source placed above
the surface has no effect on the electric field solution below
the surface; 4) where the surface is flat and an image current
source is placed directly opposite a buried source, there will
be no surface charge. Thié configuration corresponds to the stan-
dard image method applied to the solution of the surface boundary
condition on a homogeneous earth.

The cancellation effect that results from the addition of the
two surface charge distributions is illustrated in Figure 2-3-kc.
The advantage provided by this method in a numerical model is Fairly
clear. The image may be positioned so that its charge distribution
will approximately cancel the charge distribution associated with
the source. The residual charge distribution is much more siowly
varying than either of the original distributions and hence places
fewer demands on the numerical model; that is, the charge may be

represented accurately on a coarse grid with a simple basis function.



2= Formulation of the Surface Integral in Terms of Surface Slopes

To reform the basic surface charge integral equation in terms

of surface slopes,we begin by writing equation (2-3-4) as

i ) i
q(P) = t(P) 5 [ q (M) %ﬁ" ";:““) ds | (2=4=1)
where t(p) is the normal component of wholespace electric field due

to current sources and images, and

_ 0of(P)
a(P) = £, (2-4-2)

Next, let the locations M and P refer respectively to primed and

unprimed locations in cartesian coordinates. Thus,

P= (x,y, z) and M= (x', y', 2'), (2-4-3)
and R =rpy = [(X“X')2 + {y-y')? + (2"2’)2]% . (2-h-4)
Combining equations (2-2-2), (2-2-3) and (2-4-L4) we obtain
2,1 - - _ .
== Gﬁ)ds = (x x')ﬁx + (y y‘)ny + (z-2z )]
L sy (2-45)
Zl

or in terms of surface slopes Fxg Fy

3 i _ ol _ . o
Ty (§) ds = [(X x") fx + (y Y')fy (z-2 ﬂ
(1 + fi, + £2 )%
E (]+€g+f4§§' dx'dy’' . (2-4-6)
Xy

@

We may now rewrite (2-4=1) in terms of surface normal vectors as
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qlx,y) = tx,y) - E%’Jﬁr qlxt, y*)
sl

° [(x-x“)nx +{y=y'in 4 (Z’zﬂ)nZJ E%?g%;;e (2-4-7)

Alternately, using equation (2-4=6) we may write (2-4-1) in terms

of surface slopes as q(x,y) = t(x,y) + 5%:£f q(x', y*)
S.

(1 F2, + £2,)%
° [(X“x‘)fx + (y@y'>fy - (Z'Z')]" RB(] Y f-; > f;;)% dx’dy' °

(2-4-8 )

Equation (2-4-8 ) may be simplified by dividing the surface charge
and normal component of primary electric field at each point by
the vertical component of the surface normal vector. The area of
an infinitesimal surface element i{s given by equation (2-2-2). The
first term on the right hand side of this equation relates the area
of the horizontal projection dxdy of a surface element to the true
area of the element.

We next define two new functions Q and T by weighting the sur~
face charge g and the normal component of primary electric field t
by

! ol
— = (1 +f + fy) . (2-4-9 )

Z

Thus § and T are defined as

Qlx,y) = qlx,y) (1 + f2 + Fi)i ) (2-4-10)

]

T(x,y) = th,y) (1 + £2 + fj)% i (2-4-11)
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multiplying equation (2-4-8 ) by (2-4-9") and substituting equations
(2-4-10) and (2-4=11) in the result, we obtain the following inte-

gral equation involving weighted surface charge and surface slopes.

F H ] - [}
Qx,y) = T(x,y) +-§% EQ(X ’YRZ(X x') dx'dy!
Sl

f 1oyt iyt ! i Y
+E%1]Q(x ’YRZ(Y Y )dx'dy' +?%j/‘Q(X 9 ;J)(Z z )dxldyi
g

5! (2=L=12)
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2-5 Numerical Solution of the Surface Charge Integral Equation

The surface charge integral equation is solved by the method of
Y"eollocation'! or ''point-matching'’. Here the method is applied to a
surface representing topography.

The model surface is divided into flat parallelogrammatic ele~
ments by laying out an equispaced N x N grid over the terrain. The
resulting elements are tangent to the terrain surface at their centers
and have areas which are inversely proportional to the vertical com-
ponent of their surface normal vectors. Since the elements are
planar, neighboring elements will not generally join at adjacent
edges. However, the errors introduced by these gaps are not gen-
erally significant in the types of models considered here because
the grid size is large and the surfaces are smoothly varying.

A more exact surface representation can be achieved with tri-
angular elements; however, the program coding is more complex and
program execution is slower,

The orientation of an element Is determined from the surface
slopes in the x and y directions at the center of the element. A
simple technique for averaging surface gradients in the forward and
reverse directions was found adequate for determing slopes. A bi-
cubic spline was also used to find slopes but showed no advantage
over the simpler technique.

An approximate solution to the surface charge integral equa-
tion, equation (2-4-12), may be obtained by solving its left hand

side at the center of each surface element. Thus, the double
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integral becomes a double summation of a series of integrals over
smaller areas.

Equation (2-4-12) thus becomes:

f (x s Vo)
j Qlx',y") (x;=-x")
Q(xisyj) T(xsy)+ ZZI[ = !
p=1 g=1%
M N
fo(x.,y.) Qlx', y')(y.-y")
cdx'dy’ + mizﬁ;—wi—»jiz ZE: ;[]’ E 4 dx'dy'’
. p=1 q=1% qu
Q(x', y') [H(x,,y.)-H(x',y")]
+%—;;Z Z ff & Lo — dx'dy’, (2-5-1)
p;i qgi* A

where H(x, y) is the surface elevation array and * implies that the
summation excludes (i, j) = (p, q).
A basis function must be selected to represent the variation
of surface charge density over the surface element que Although it
is possible to use higher order basis functions, we have chosen the
zeroth order function because of the resulting simplified mathematics.
Barnett (1972) numerically evaluated the integrals in equation
(2-5-1). However, satisfactory results for most terrains have been
obtained by treating the surface charge as being concentrated at
the center of each surface element.
This approximation allows the integral to be written as a

product. For example, the first integral in equation (2-5-1)



becomes

;y)(x =x') Qlx_, vy ) {x,=x)
Ayt = g9 1P .
ff dx'dy E qu» (2-5-2)

This approximation is nearly exact when used to estimate the
electric field coupling between widely separated surface elements.
(Here, electric field coupling refers to the normal electric field
at the center of a surface element due to charges on another ele-
ment). However, when adjacent elements are considered, the approx-
imation is in general much less accurate but not necessarily
ineffective when applied to the topographic problem. This is
so partly because the degree of electric field coupling between
a pair of elements decreases as the charge carrying element ap-
proaches alignment with the plane containing the observation
element.

in cases where the surface is represented with an adequate
density of elements, so that it appears to be smoothly varying,
adjacent elements will lie nearly in the same plane and will
therefore tend to be coupled only to a small degree.

Substituting equation (2-5-2) into (2-5-1), we obtain the

final numerical form of the integral equation for surface charge
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= L L p 9 1 P
Q(xiﬂ Yj) T(xiﬁ Yj) + ZTT R.‘S qu

p:} qgii"é’
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where H(x,y) is an array containing surface elevations.

Solution Method:

Equation (2-5-3) represents a set of simultaneous linear
equations which could be solved by a matrix inversion approach.
However, since we are working with surface grids with well over a
thousand elements, the corresponding matrix would contain over a
million elements. Also, since the charge on each element generally
couples into every other element, the matrix would be full. These
factors, combined with computer limitations, make the direct matrix
inversion approach impractical for this type of problem. Fortun-
ately, equation (2=5-3) is easily solved by an iterative approach.

The unknown array Q is initially set to array T, then placed
in the right hand side of equation (2-=5-3). As each new value for
array Q is calculated, it is used to update the array. The method
differs from the Neumann series approach where the array Q is up-

dated only after new values for Q have been calculated for all



values in the array.

Even though the resistivity reflection coefficient for the
air-earth interface is unity, the Eterati?e solution for charge
generally converges to a satisfactory level of accuracy in two to
three iterations. This rapid @on?ergence may be attributed to the
moderate degree of electrical coupling between surface elements on

gently varying terrain.
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2-6 Formulation of Normal Component of Primary Electric Field

in Terms of Surface Slopes

The potential due to a current source of strength I located at

point (xg, Yo, 2zg) in a homogeneous medium of conductivity ¢ is given

by
b(x, v, 2) = = (2-6-1)
P LroR
where
2
R = [(xoxo)® + (yyo) + (2-20)%]% . (2-6-2)
The normal component of electric field across a surface is
=13 1
En " Tvo Bn ( Ei) © (2-6-3)
Using
9 o 2 E 3 -
o % w Ty T ez o (2-6-4)
we have

E (xy,2) f«;ﬁ;%? [(X"Xo)ﬁx + (y@m)ny + (Z"Zo)nZ] , (2-6-5)

or in terms of surface slopes

I |- (y-yo)
By (x0y,2) = ok (1 + F2F T8 (2-6-6)
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2-7 Electric Potential Due to Current Sources and Images

In our formulation of the topographic problem, the total electric
potential is composed of three parts: the potential due to the cur-
rent source in the earth, the potential due to the current image
source above the surface, and the potential due to the surface charge
distribution. The potential ¢1 due to the current source and image
is written as a summation of whole-space electric potential functions,

IS Ii

= +
1 7 Twor, Lrors

H) (2“7“1)

¢

where ry and rp are the respective distances between the observation
point and the current source Is and the current image source Iy and

o is the earth's conductivity.
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2-8 Estimation of the Electric Potential Due to Surface Charges
This section describes the method used to es%imate the surface
potential due to the charge distribution on the model surface ele-
ments.,
The potential ¢ due to a volume charge distribution q(r) in a

volume Vq is

v
0

o(r) = lé':rs f q(;:)l dv . (2-8=1)
v

When the charge is confined to a surface §, as it is in our terrain

model, the above equation reduces to

o) = Ll:ref {3(:{ ds (2-8-2)
S

where q(r') is surface charge density.

Equation (2-8-2) must be evaluated over the constant charge
density on each surface element. Although it is possible to perform
this integration analytically over each of the arbitrarily oriented
surface elements, the following approximations have proven satis-
factory for the types of model surfaces considered in this work:
First, charge on elements which are three or more elements distant
from the point of observation may be treated as point concentrations
of charge. Second, the angular orientation of surface elements may
be ignored when the integration is performed over neighboring ele-
ments, that is, the elements are treated as if they are contained
in and lying parallel to a single plane. This approximation

eliminates the need to evaluate the integral in equation (2-8-2)



for each unique set of orientations of surface elements and observa-
tions.

The integral (2-8-2) is evaluated analytically only once for
each of a small number of element geometries (Figure 2-8-2) surround-
ing a general observation point. A table of geometric correction
factors is computed by normalizing theée integrations by the corres-
ponding vélues obtained by concentrating the charges at the centers
of the elements.

From the perspective of the computer algorithm, the potential
is computed by first assuming the charges are concentrated at the
centers of the elements. Tﬁeﬁ, when an element Is identified as
ilving within a three element radius of the observation point, the
appropriate geometric correction factor is applied. The singularity
at the observation point is treated separately as an analytic cal~
culation.

The correction factors and singularity are evaluated in the

following section.



2-8.1 Analytic Integration of the Potential Function Over Square

Surface Elements

The following integral evaluation technique is used both for
estimating the magnetic field contribution due to electric field on
surface elements and for estimating the contribution to potential
due to charge on surface elements.

The integral to be evaluated, in both cases, excluding con-

stants, is of the form

P(F') = ff ﬁ;ﬁ}lr : (2-8-3)

element

where
r=ix + jy + kz , (2-8-4)
Let the observation point be located at the origin. Then, in cylin-

drical coordinates, equation (2-8-3) becomes

P = ff dedr . (2-8-5)

element
To demonstrate the method used, the singular element is evalu=
ated. Referencing Figure 2-8-1, the symmetry of the singular element
requires that the integration be performed over only 1/8th of the

element, i.e., the shaded portion. Equation (2-8-5) then becomes

Py = BI fdedr , (2-8-6)



where
B2

81
Thus

Po

Po

Po

36

= 45.0°,

= 0.0,

82
= 8jr =% sec6do , (2-8-7)
01

82
Lkalog [tan (% +‘§ﬂl

0y’

]

3.52549%4a . | (2-8-8)

Calculations in cylindrical coordinates for element geometries

of types 1, 2 and 3, as defined in Figure 2-8-=2, can be carried out

in a similar fashion.

Let the contribution from element type i be Pi' Then

Pi
)
Ps

If

1.03805a ,

i

i

0. 72&6973 9
0.505093 - (2-8-9)

the above Pi are normalized by the corresponding values

obtained by treating the surface charge or E field as concentrated

at the center of each element, the following correction constants

C3 are obtained:

Ca
Ca

Csa

1.03805 ,

1.02488 ,

1.01018 . (2-8-10)

%
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2-8.2 Charge on an Outer Surface Grid

The model surface surrounding the main N x N grid area is assumed
to be flat and have surface electric fields which are very close to
half-space field values. These assgmptions do not exclude the pos-
sibility that significant surface charge may be present on the flat
surface surrounding the topography. {f the current sources and images
are arranged symmetrically about the flat outer surface, as shown in
Figure 2-8-3a, there is no charge on the outer surface (assuming ef-
fects of topography on the electric field do not extend to this outer
surface). However, where current sources and images are asymmetrically
positioned about the outer surface,as in ?igure 2-8=3b, there can be
significant charge on the outer surface.

To obtain accurate estimates of the potential on the inner model
grid, it is necessary to include the potential contribution made by
charges on the outer flat surface. This is accomplished by coarsely
griding the outer surface and using the normal component of primary
electric field at the center of each element (due to current sources
and images) to determine the surface charge density for that element,
This outer grid charge distribution is included in the integral for

the potential (equation (2-8-2)).



2-9 Tangential Surface Electric Fieids from Surface Potentials

The tangential surface electric field due to charge on the
model surface is found by taking the gradient of the surface poten-
tial., The gradient of this surface potential is first computed
treating the potential fields as if impressed on a horizontal
surface. The x and y components of this pseudo-grandient are
multiplied respectively by

(1 + fx?)‘“% and (1 + fi)-% (2-9-1)

to correct for the sloping terrain surface. The x, vy, and z com-
ponents of the resulting tangential surface electric field are

written as

f f
= N SN y
Ez EF‘X 1 + fi EFY 1 + fy ’ (2-9-2)

where EFX and EFY are the negative x and y components of the

gradient of the potential distribution impressed on a horizontal
surface, and Fx and Fy are terrain slopes.

This technique is applied only to the potential due to surface
charges to prevent the problem of computing gradients near singu-
larities. The total tangential electric field is found by adding
the easily calculated electric fields of the current sources and
images to the electric fields derived from the potential due to

surface charges.
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2=-10 Determination of the Magnetic Field from Surface Electric

Fields and Surface Slopes

The magnetic field at any point on, aboveg or below the
surface may be found by evaluation of an integral involving sur-
face electric fields and surface slopes. To derive this integral
equation, we start with the modified Biot=-5Savart Law for solenocidal
current flow as given by Edwards et al (1978) and derived in Appen-

dix 111,

éﬁhﬁ¥fv%wawcﬁwd9 : (2-10-1)

[F =71

s

where B(r) is the magnetic field,

¢(r) is the electric potential,

o(¥) is the conductivity of the earth at r,

u is the vacuum permeability,
and S is the set of all surfaces across which the conductivity
changes. The gradient of the potential yields the electric field
from

E = -v4(r"). (2-10-2)
The gradient of the conductivity (Gomez-Trevino, 1978) can be
written as

Via(r') = (o1-02)ns(s) , (2-10-3)
where n is the unit vector outward normal to the surface §, ¢y and
g, are the conductivities of the two mediums separated by surface S,

and 6(S) is a Dirac delta function which becomes non-zero only on S.



Using (2-10-2) and (2-10-3), the magnetic field may be

rewritten as

= ~u(01-02) Exn ' o1 fe
B(r) = I TF-f ds?' (2=10-4 )
s
where
Exn - n(EyanEzﬁy)°J(Exnanznx)+k(ExnymE n) . (2-10-5 )
Thus, the components of magnetic field are given by
- E
B (;g) - ‘,7,,,,, jf( n ) dS
(2-10-6)

Applying equations (2-2-2) and Q~2=3) to (2-10-6 ) the magnetic

field may be written in terms of surface slopes as

B (r') = -u{01-02) SF;WfM?§i;) dxd
O =nmak L2

E F + E

By(;n) = *u(ﬁl o2) i[]f = dxdy,

3 F -
BZ(F') = +u(61 92) d[]f (x ') dxdy , (2-10-7 )

Note that when the surface § is the air-earth interface, as in the

topographic problem, medium 2 represents the air;thus gy = 0.
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2-10.1 Total Surface Electric Field

The surface electric field may be separated into components
normal to and tangential to the surface. Thus, we can write

E.=E <+ E (2-10-8 )

ET is the total surface electric field;
Eﬂ is the electric field normal to the surface:

Et is the electric field tangential to the surface.

Further, it can be shown that

E, xn=E xn, (2-10-9 )
This implies that the surface electric field used in the magnetic
field equation (2-10-7 ) need not include the electric field normal
to the surface. Therefore, for computational convenience, the total
electric field in equation (2-10-7 ) is replaced by the sum of the

total surface electric field due to current sources and images and

the tangential electric field due to the surface charge distribution.



2-10.2 Estimation of the Magnetic Fleld due to Electric Fields on

Model Elements

The magnetic field integrals in equation (2-10-7) are evaluated
using the same techniques applied to the electric potential integral
in section 2-8. The following approximatidns are employed in the
magnetic field integrals: (1) Electric fields and surface slopes
are treated as constants err each surface element; (2) Electric
fields on elements which are three or more elements distant from the

observation point are treated as point concentrations of electric

field; (3) The angular orientation of nearby elements is disregarded,

that is, nearby elements are treated as though they lie in the plane
containing the observation element.,

The procedures used to treat the singularity and elements lying
within a three element radius of the observation point are described

in section 2-8.

L2
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2-11  An Approximate Separation of Primary and Secondary Magnetic

Fields

in flat earth integral equation problems, it is possible to
separate primary and secondary electric fields on the earth's
surface for the purpose of evaluating the magnetic field (Gomez-
Trevino, 1978). Since the magnetic field due to the primary elec-
tric field on a flat earth surface is expressible in a simple
analytic form, the integration in equation (2-10-4 ) need be carried
out only over the secondary electric field. Calculation of the
magnetic field by this technique has two important advantages over
an integration over the total electric field: first, it avoids the
problems associated with numerical integration over electric field
singularities produced by current sources; and second, because the
secondary electric field falls off more rapidly than the primary,
the extent of the area of integration may be reduced. Clearly it
is not possible to apply this electric field separation technigue to
the general topographic problem because there exists no simple rela~
tion between a primary electric field defined on an irregular earth
surface and its corresponding magnetic field. However, it is possible
to devise an approximation to the flat earth electric field separ-
ation technique which may be applied to the topographic problem.

One method of obtaining the total magnetic field over a terrain
model is to integrate the total electric field ET over the complete

earth surface S. This could be written as



Lk

B x f
B. =K s ds 2-11-2
T jsW » ( )

where

K = “p(él“ﬂz)
T

However, the use of (2-11-2) requires that the integration be pre-
formed over a relatively large area surrounding the section of
terrain being modeled and that special treatment be givgn to the
integral near the current source. These problems may be avoided
if outside the central zone of terrain the surface is flat and the
E fields there are apprcx?méted well by their half-space values.

Then, referring to Figure 2-11=1, the magnetic field may be

rewritten as

_ ET x n E xn
BT K W ds + K T%:;?TT ds , (2-11-3)
ST SG

where

ET is total electric field,

Ep is half-space electric field,

ST is the central surface with terrain, and

SQ is the outer horizontal surface.,
Let _ R

E xn _

K c.ss. 7%?7 ds = A, (2-11-k)

where

A is the analytic expression for the magnetic field due
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to a current source imbedded in a uniform half-space,

and SI is an inner horizontal surface in the plane of Sce

Then equation (2-11-3) may be rewritten as

. Jf ET X n } J/’ E xn
B. =K = ds + A - K wgtzwn ds, (2-11-5)
T ST T?E?TT 51 ]r r‘]

In a numerical problem, the integrals over surfaces 5. and Sl in

T
equation (2-11-5) become double summations over an N x N grid of
surface elements. The horizontal coordinates of elements on sur~
faces ST and SI are identical. Surfaces ST

sect directly above the current source, and surface current sources

and SI should inter-

should be positioned at the center of a surface element.

There are two advantages provided through use of equation
(2=11-5). First, it allows calculation of the total magnetic field
without performing an integration over the electric fields ocutside
the central N x N grid area. Second, systematic errors accumulated
by the numerical integration over surface ST are effectively cancelled
by the subtraction of the integral over surface SIQ The effect
achieved through use of equation (2-11-5) is similar to that pro-
duced by separating the primary and secondary electric fields to
remove the electric field singularity in the integral.

Note that when the earth's surface is flat, surfaces ST and
S coincide so that the integrals in equation (2-11=5) may be com-

bined into a single integral over the secondary electric field.

Equation (2-11-5), so modified, is equivalent in form to the equa-



tion used by Gomez=-Trevino (1978) for determining the contribution

to magnetic field from electric fields on the earth's surface.
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2-12 Operational Considerations for the Numerical Modeling

Program

This article reviews the capabilities and limitations of
the terrain modeling program developed for this investigation,
The terrain modeling program's basic function is to evaluate the
electric potential and magnetic fields produced by direct current
flow in an electrically homogeneous earth with arbitrary topography.
The formulations employed are for an earth having a uniform elec~
trical conductivity of arbitrary value and free space electric

permittivity and magnetic permeability values.
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2-12.1 Model Surfaces

In their analytic form, the equations developed apply to
arbitrary terrains, excluding only those surfaces with discon=
tinuous second derivatives and o?erhangs (i.e.,non=single valued
surfaces). However, some of the approximations used in the numer=-
ical solution of the terrain problem make accurate modeling of
the electric and magnetic responses of some types of topographic
features uncertain. To be a?oided are terrains with slope angles
exceeding fifty degrees or slope angle changes greater than five
to ten degrees between adjacent elements. The rate of inter-element
slope angle change may be decreased by smoothing the surface or
increasing the model grid density. As an additional practical
restriction, the maximum surface feature height should be less than
20 percent of the model width.

Further, the outer edges of the terrain model surface should
connect smoothly with the surrounding infinite horizontal surface.
This condition can usually be met by applying a linear taper to the
outer 10 percent of the model surface. Under certain modeling con-
ditions, e.g., where the current source and field measurement loca-
tions indicate that edge effects will be insignificant, the edges
of the terrain model surface may be left unmodified.

Typical terrain model surfaces will be composed of uniformly
spaced surface elements layed out on grids 41 x 41 to 61 x 61

elements in size.
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2-12.2 Current Sources and Images

The primary electric field source for the terrain model may be
either uniform field (prodﬁced by a Qery distant point current source)
or polar (local point current seurces)° Current sources lying within
a distance of 1.5 model elements of the surface must be positioned
directly beneath the nearest model element for acceptable model re-
sults. Deeper current sources may be placed without restriction.

Where subsurface current sources are used,the position and
strength of their corresponding images is not critical. The image
is manually positioned so that it represents the approximate re-
flection of the current source (electrode) across the nearest section
of surface elements; and the image strength is usually set to the
current source strength.

Where surface current electrodes are modeled, the current
images must be superimposed on their corrésponding current sources,
and the surface must generally be smooth for a radius of 2 model
elements around the electrode. However, if a current electrode
lies on the apex of a conical or ridge-like feature in the terrain,
smoothing of the surface may not be necessary, provided the image
strength is adjusted to satisfy the near source field behavior
resulting from the solid angle formed by the surface around the

electrode.
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2-12.3 Estimation of Electric Potentials and Magnetic Fields

The program estimates electric potential at the center of each
surface element and will optionally determine apparent resistivity
values, computed with flat earth resistivity geometric factors,
relative to an arbitrarly positioned potential reference electrode.

Magnetic field components are ca?chéted on an observation
grid surface which shares horizontal coordinates with the topographic
surface model grid. Usually the observation surface is equated to
the topographic surface thereby sjmuiatiﬂg surface magnetic field
measurements; however, observation surfaces above or below the
terrain surface may be speéifieda

Electric and magnetic field values at locations between grid

locations may be found by interpolation.
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2=12.4 Computer Requirements

Computer requirements for the terrain program are not excessive
given the complexity of the terrain problem. On a CDC 7600 computer,
a typical 41 x 4] element model with a single current electrode
arrangement requires approximately 60 seconds to compute poten=
tials and resistivities at all surface elements and an additional
20 seconds to compute vector magnetic fields at one-fourth of the
surface elements. The required core or direct access data storage
ranges between 6 to 12 times the number of model surface elements
depending on the choice of trade-offs made between data storage

and program execution time.
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CHAPTER 3

NUMER{CAL RESULTS

3-1 Verification of the Numerical Solution

Verification of the resistivity terrain numerical model was made
by a comparison with 2-D finite element resistivity model results
from Fox et al (1980). The 3-D integral equation terrain program
was used to model a dipole~dipole survey line across a symmetric
two-dimensional valley with 10 degree slope angles (Fox et al (1980),
model case: V-SL6.0-SA10). The integral equation valley model was
constructed from a simple 41 x 41 grid of surface elements. To
accommodate current sources in the model surface, image strengths
were adjusted to satisfy the near source electric field behavior
resulting from the solid angles formed by the surface around the
electrodes. Agreement between the integral equation and finite
element model results is fairly good as shown in the apparent
resistivity psudeo-sections in Figure 3-1-1,

Checks on the reciprocity of the potential fields for this
model show a maximum error of 1.8 percent around the surface inflec-
tion at the base of the valley and an average error of 0.5 percent
for all points calculated. This error can be further reduced by
smoothing the surface and increasing the number of model elements
near the surface inflection,

Verification of the magnetometric resistivity portion of the

numerical model was made by comparisons with results from analytic
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magnetic field expressions for a hemispherical depression and a
dipping air-earth interface from Edwards et al (1978). Although

the hemispherical depression with its near vertical sides and right
angle break in slope at the rim is outside the class of problems
intended for the terrain program,it still serves as a basic order-
of-magnitude model check. The model for the hemispherical depression
consists of a 41 x 41 square element grid as shown in Figure 3-1-2.
The hemisphere is 14 model elements in diameter with a current

source I positioned at the surface one diameter from the depression's
center. To remove the abrupt slope change at the rim of the depres-
sion, the surface was smoothed. Figure 3-1-3 compares model and
analytic expression results for the vertical magnetic field on lines
A, B and €. In spite of the limitations of this particular model,
the comparison is quite good.

Analytic expressions for MMR anomalies over a dipping inter-
face, from Edwards et al (1978), provided checks on both the vertical
and horizontal magnetic fields for the numerical model. Plan and
section views of the 41 x 41 element dipping interface model are
given in Figure 3=1-4, An electrode I is imbedded at the contact,
and the interface dips at an angle of 11.25 degrees. The resistivity
of the upper wedge p,; was set to infinity in the analytic expressions
to approximate air, and all field values were calculated along the
horizontal surface Z = 0 on line A. The numerical model and analytic
results are plotted together in Figures 3-1-5 and 3-1-6 as percent

MMR anomaly. Agreement of the results is excellent. Maximum error



in the model results for vertical and ﬁorizonta? components is less
than one percent of the total magnetic field.

Other checks on the author's numerical model consist of
comparisons of resistivity and magnetic field results for fine

and coarse model grids and comparisons with flat earth cases.
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3-2 Terrain Correction Technique for Apparent Resistivity Data

When properly calculated, the measured apparent resistivity
of a homogeneous earth will always be equal to that earth's intrin-
sic resistivity; terrain effects result simply from the application
of inappropriate geometric factors in computing the apparent resis-
tivity.

For any resistivity array on any shape earth, the apparent

resistivity p, may be defined by:

p. =6 =, (3“2‘1)

where V is the measured potential difference, I is the applied
current, and G is the geometric factor, which depends on the shape
of the earth's surface and the electrode configuration. The key to
removing terrain effects is the determination of the correct geo-
metric factors, which in turn depends upon defining the theoretical
electric field in the vicinity of the current electrodes. On a
flat, homogeneous earth, the electric field is expressible as a
simple analytic function. However, on an irregular surface, the
electric field cannot be expressed by analytic functions and must
therefore be computed numerically.

An effective means of correcting resistivity data for terrain
effects is to use a numerical terrain model to model the resistivity
survey measurements (Fox et al, 1980). The model is assigned a
homogeneous resistivity of 100 ohm-meters, and the program is set

up to calculate apparent resistivities using flat-earth geometric
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factors. The model apparent resistivities are then used as percent
correction factors on the original apparent resistivities caicQ@
lated from the field data. For example, a model apparent resisw
tivity of 120 ohm-meters indicates that the terrain has eie?ated
the potential between the meaé@rement electrodes 20 percent above
the corresponding flat-earth value. Thus, to remove the terrain
effect, the measured potential or apparent resistivity is divided

by 1.20,

Fox et al (1980) have demonstrated the effectiveness of this
apparent resistivity terrain-correction scheme for 2-D earth's.
Their results showed the terrain-correction method capable of
stripping the effects of terrain from apparent resistivity data
while not significantly disturbing the anomalies due to subsur-
face structures. Once terrain corrected, apparent resistivity
data can, to a high degree of accuracy, be interpreted assuming
a flat earth. Only small errors result from the distorted dis-
tances between buried structures and electrodes caused by the

non-horizontal surface.
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3-3 Resistivity Terrain Correction Example:

To demonstrate the 3-D resistivity terrain correction tech-
nique, we present the results of a miéeaamia*masse resistivity
survey conducted in an area of significant topographic relief.

The objective of the survey was to locate extensions of a highly
conductive sulfide interval intersected by a drill hole at a depth
of 170 to 230 meters.

The survey area topography and drill hole location are shown
in Figure 3-3-1. The energizing current electrode was placed in
the sulfide zone, 220 meters below the surface (Figure 3-3-2),
and the return current electrode was placed on the surface 1300
meters north of the drill hole. Surface electric potentials were
measured (relative to a distant reference electrode) at some 200
points, and an apparent resistivity contour map (Figure 3-3-3) was
calculated from the potentials using flat earth geometric factors
and straight line distances between electrodes.

A fair degree of correlation is apparent between high and low
apparent resistivity anomalies and high and low topographic features.
An apparent resistivity anomaly high of 168 ohm-meters is centered
on the hill just to the west of the drill hole, and apparent resis-
tivity lows of 85 and 84 ohm-meters are located in topographic lows
to the north and south of the drill hole.

To evaluate the contribution of topography to these anomalies,
the mise-a-la-masse survey was modeled with the 3-D terrain resis-

tivity program. Apparent resistivity model results for a uniform



model resistivity of 100 ohm-meters are shown in Figure 3-3-4.

A comparison of measured (Figure 3-3-3) and model (Figure 3~3-4)
apparent resistivities shows a rough correlation of high and lTow
anomalies., The model high of 119 ohm-meters (19 percent) on the
hill to the west of the drill hole corresponds spatially to the
measured high of 168 ohm-meters. And the model lows of 80 and 87
ohm-meters, north and south of the drill hole, correspond roughly
with the measured lows of 84 and 85 ohm-meters.

Terrain effects were stripped from the measured data by nor-
malizing the measured apﬁarent resistivities by the model apparent
resistivities. The resulting terrain corrected apparent resistivities
are shown in Figure 3-3-5.

The terrain correction produced the following changes in the
measured apparent resistivities. The measured SS chm-meter low north
of the drill hole has been increased to 100 ohm-meters. The measured
high of 168 ohm-meters west of the drill hole has been reduced to 150
ohm-meters, and the strike direction of the elongate anomaly associated
with this 168 ohm-meter high has been changed by 30 degrees. In the
terrain corrected data, this elongate anomaly has a distinct form
which extends 250 meters due west and 100 meters due east of the drill
hole collar and is bounded to the north and south by low resistivity
anomalies of 100 and 86 ohm-meters. Overall the terrain corrected
apparent resistivity anomalies show only a mild correlation with

topography.
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Interpretation of mise-a-la-masse apparent resistivity data is
based on the association of high apparent resistivity anomalies with
proximity to extensions of the conductive body contacéed by the
current electrode. A qualitative interpretation of the terrain
corrected apparent resistivities based on this principle is shown
in Figure 3-3-6. The shape of the elongate high anomaly suggests
the conductive body has a horizontal dimension of 350 meters and
an east-west strike direction. The narrow width (150 meters) of
the anomaly indicates the top of the conductive body is né deeper
than about 75 meters. The available geologic data also suggest the
body is thin (a few meters thick), tabular and steeply dipping to

the north.
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3-4 Terrain-Correction Technique for Magnetometric Resistivity Data

By definition a homogeneous earth with an arbitrary surface
will not produce an MMR anomaly. True MMR anomalies can result only
from inhomogeneities imbedded in the earth. However, false anomalies
or terrain effects will be observed when measurements taken over
irregular terrain are reduced using flat-earth normal (primary)
magnetic fields.

In the general case, the MMR anomaly is given by
B? = " - g" (3-4-1)

where Bi is the anomalous part of the ¢ component of magnetic field,
Bz is the measured ¢ component, and 82 is the theoretical ¢ component
for a homogeneous earth.

Essential to the removal of MMR terrain effects is the deter-
mination of the true value for the normal magnetic field 82 at each
measurement location. When a flat homogeneous earth is assumed, the
normal magnetic field is a simple analytic function. However, the
normal magnetic field on an arbitrary surface cannot be represented
by an analytic function and therefore must be computed numerically.
Removal of MMR terrain effects is accomplished by using a numerical
terrain model to calculate the normal magnetic field for a homogen-
eous earth at each measurement location. Equation (3-4-1) is then
used to find the anomalous field. The magnetic field due to current
flow in cables connecting the electrodes to the current transmitter

is included in the data reduction as a separate calculation. This



calculation, based on the Biot-Savart Law, requires accurate defini-
tion of the path of the current carrying cables over the terrain.
The terrain corrected MMR data will more accurately show the response
of the subsurface resistivity structure, making qualitative and
quantitative interpretations more valid.

It should be understood that this type of topographic correc-
tion serves only to remove the effect of current flow within the
;errain and does not reduce the measurements to a horizontal plane.
Where it is considered necessary, terrain corrected MMR measurements
may be reduced to a horizontal plane using an approach developed by
Bhattacharyya and Chan (1977). Although their technique was origin-
ally developed for the reduction of conventional magnetic dats, it
may be applied without modification to 3-D MMR data. It is the
author's experience that the reduction of MMR data to a horizontal
surface is of secondary importance compared to applying the basic
terrain correction. Thus, terrain corrected data can usually be
interpreted ignoring the elevation differences of the measurement

stations or by treating the effects qualitatively.
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3-5 Magnetometric Resistivity Terrain Correction Example

To illustrate the éppiication of the MMR terrain correction,
we present the results of an MMR survey conducted in an area having
substantial topographic relief. This survey was carried out over
the same ground and in search of the same target described in the
resistivity terrain correction example. Again, the objective was
to search for lateral extensions of a highly conductive sulfide
zone intersected in a drill hole,

Figures 3=5°i and 3-5-2, respectively, show plan and section
vie@s of the terrain and drill hole with current electrodes and
intersected sulfide zone. Placing the return (or negative) cur-
rent electrode at the bottom of the drill hole, rather than at a
point on the surface, eliminates some of the difficulties associ~-
ated with making magnetic field measurements near a current carry=
ing wire. The pair of wires in the upper 220 meters of the drill
hole carry currents flowing in opposing directions and therefore
in ccmbi?ation produce no measurable magnetic field. Only the sec-
tion of wire between 220 and 1000 meters must be considered when
correcting the measured magnetic fields for effects of the wire.

Another advantage of this down-hole electrode configuration
results from the near cancellation of the primary magnetic fields
of current sources and wires. |t can be shown that no magnetic
field is produced on or above the surface when a current electrode
pair with associated current carrying cables is placed in a vertical

drill hole in a homogeneous half-space. In situations where the



63

surface has relief and the drill hole is a few degrees off from
vertical,as is the case for this survey, only a partial cancel-
lation of primary magnetic fields results.

In this survey, the two horizontal magnetic field components
were measured at each station while the transmitter supplied the
electrodes with a low frequency (3 Hz) squarewave current of 2
amperes. The measured fields, normalized by transmitter current
strength, are plotted as vectors in Figure 3-5-3, and show a
maximum strength of 105 milligammas per ampere.

To evaluate the contribution of terrain to the measured mag-
netic fields, compuier models were run for both the actual topo-
graphy and a half-space. Figure 3~5-1 shows the central portion
(41 X 41 elements) of the 61 X 61 element terrain model surface.
The terrain model horizontal magnetic fields due to topography,
current sources, and current carrying wires (Figure 3-5-4) have a
maximum strength of 56 milligammas per ampere. In contrast, the
half-space horizontal fields (Figure 3-5-5) for an identical elec-
trode and wire configuration have a maximum strength of only 19
milligammas per ampere, approximately one-third the maximum pro-
duced by the terrain model.

The standard MMR data reduction method subtracts the half-space
fields from the measured fields to remove the effects of current
flow in the earth and wires. In this case, the half-space fields

are of relatively low strength (about 18 percent) compared to the
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measured fields so that their subtraction produces little change in
the measured fields.

in contrast, the MMR terrain correction technique subtracts the
terrain model fields (Figure 3-5-4) from the measured fields (Figure
3-5-3) to create terrain corrected magnetic fields (Figure 3-5-6). In
this case, the correction is relatively large, averaging roughly 50
percent of the measured field values. The effect of this correc-
tion on the measured fields is most noticeable in the areas to the
north and south of the drill hole.

The terrain corrected magnetic fields can be interpreted quali-
tatively by identifying the magnetic field patterns produced by
zones of concentrated current flow. Specifically, a lateral ex-
tension of the highly conductive zone intersected in the drill hole
would provide a major channel for current flow from the positive
electrode and would be indicated in the surface data by an area of
clockwise (relative to the drill hole collar) horizontal vectors,
via the right hand rule for magnetic Tields. At the other extreme,
resistive rock units would reduce current flow and would be indicated
by counterclockwise field vectors. Since the terrain corrected fields
must be consistent with Ampere's law applied to integration paths
around the drill hole, areas of counterclockwise and clockwise vec~
tors will have equivalent weights. (This is strictly true over
irregular terrain only if the vertical field is included in the

integration.)
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An interpretation of the terrain corrected fields based on
these principles is given in Figure 3-5-7. In this figure, the
magnetic fields indicate two broad zones of relatively high resis-
tivities to the north and south of the drill hole. Sandwiched
between these resistive zones are two narrow conductive zones,
(possibly the sulfide body) extending roughly east and west of the
drill hole. The sparse data coverage obtained over these conductive
zones does not allow accurate definition of their extent and depth.
However, the terrain corrected mise-a-la-masse resistivity data is
in general agreement with this interpretation.

The MMR terrain correction has improved our ability to resolve
the resistive and conductive zones. The uncorrected measured data
(Figure 3-5-3) over-emphasize the northern resistive zone and show
no evidence of the southern resistive zone or of the conductive

zones to the east and west.
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3=-6 Analysis of the Numerical Model Solution for the Terrain

Correction Example

The calculation of magnetic fields for the terrain model in
the previous section depended upon first solving for the intermediate
model parameters of surface charge density, electric potential,
electric fields, and the individual contributions to the magnetic
field produced by current flow in the wires and current flow in the
earth., This section examines these intermediate model solutions
with the aim of clarifying their role in the calculation of the
final magnetic fleld results.

The model surface used in the terrain correction example is
composed of an equispaced 61 x 61 element surface grid. A contour
plot of this surface is given in Figure 3-6-1. Note that there is
nio tapering'of the edges of the model surface.

Since this model included down-hole current electrodes, current
source images were positioned above the surface (Figure 3-6-2) to
reduce the charge density on the surface. The exact location of
these images is unimportant to the final model solutions, since the
surface charge distribution adjusts itself to maintain the correct
boundary conditions. In this case, the images were given horizontal
coordinates identical to their associated down hole current elec-
trodes and elevations above the drill hole collar equivalent to
the depth of the electrodes below the collar. The images were
assigned amplitudes and polarities equal to the corresponding

down hole current sources.
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A stable solution for charge dehsity on the surface elements
(Figure 3-6-3) was obtained in two iterations. A third jteration
produced changes in the model's electric and magnetic field results
of less than 0.2 percent. The detailed variation of charge density
in the central one-third of the model can be studied from the en-
largement of this 21 x 2] element area given in Figure 3-6-4.

The total electric potential on the model surface (relative to
a reference electrode at infinity), shown in Figure 3-6-5, is com=
posed of contributions produced by the surface charge distribution
and the current sources and images. The percentage of the total
potential solution due to surface charge, shown in Figure 3-6-6,
ranges between =28 and +11 percent. The remainder of the potential
solution is due, in roughly equal proportions, to the current sources
and to their images. Had current source images not been used in
this model, the contribution of surface charge to the potential
solution would have been raised to the 60 percent level.

Whereas it is difficult to see relationships between the
equipotential lines in Figure 3-6-5 and the model topography, con=-
version of the electric potential data to apparent resistivities
(Figure 3-6-7) using flat earth geometric factors makes this rela-
tionship readily apparent. There is a general correlation of
apparent resistivity highs and lows with respective topographic highs
and Tows. In terms of percentages, the apparent resistivities
and potentials have been distorted by the terrain by as mﬁch as

+19 to =22 percent.
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Magnetic fields measured in an MMR survey can be separated
into two parts: )fields due to current flow in the insulated wires
which connect the current transmitter to the current electrodes and 2)
fields due to current flow within the earth. Since the layout of
the current carrying wires is known, their contribution to the
magnetic field may be determined at any location through the Biot-
Savart Law (Appendix 11). Figures 3-6-8 and 3-6-9, respectively, show
the model calculated horizontal and vertical surface magnetic field
vectors created by current flow in the wire in the drill hole.

Note the slightly skewed, counterclockwise, circular pattern in
the horizontal field and the straight line formed by the zero field
contour of the vertical component.

The terrain model determines the magnetic fields due to cur-
rent flow in the earth by evaluating a surface integral involving
only surface electric fields and terrain slopes. Figures 3-6-10
and 3-6-11, respectively,show horizontal and vertical fields calcu-
lated by this method. The total magnetic field on the model surface,
Figures 3-6-12 and 3-6-13, is found by summing the fields produced
by current flow in the wire and in the earth. The horizontal field
vectors in Figures 3-6-12 are reduced to their x (north) and y (east)
components in Figures 3-6-14 and 3-6-15.

To verify that the surface of the model under study has been
represented with an adequate density of surface elements and that

the resulting field solutions are stable, a second model was run
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using the same terrain represented byIBO percent fewer elements (i.e.,
51 x 51 elements). Figures 3-6-16 and 3-6~17, respectively, show the
apparent resistivity and magnetic field x component data for this
lower element density model. A comparison of these figures with
their respective counterparts for the 61 x 61 element model in
(Figures 3-6-7 and 3-6-14) shows the solutions to be in excellent
agreement. Differences in the apparent resistivity data (and hence
the potentials they were derived from) is everywhere less than 0.5
percent. Differences in the x component magnetic fields are less
than 1.5 percent reiafive to the total horizontal field due to
current flow in the earth., Part of this 1.5 percent disagreement
can be attributed to shifting of field evaluation points due to the
change in surface grid density.

It is instructive to compare the magnetic field patterﬂé of
the terrain model, Figure 3-6-18, with model results obtained for
a flat horizontal surface, Figure 3-6-19, and a flat dipping surface,
Figure 3-6-20, all employing identical configurations of current
electrodes and wires. These figures show combined plots of horizon-
tal field vectors and vertical magnetic field contours and are pre-
sented at the same horizontal scale. The flat horizontal model sur-
face has a maximum horizontal field strength of only 19 milligammas/
amp compared to a maximum of 56 milligammas/amp for the terrain
model. However, the dipping model surface, which was given a dip
similar to the terrain model topography near the drill hole collar,

has field strengths and patterns very similar to the terrain model



results for the area near the drill hole collar. Similarities can
also be seen in the positions of the zero crossings of the vertical
magnetic field contours for the dipping surface and terrain models,
All of this suggests that the average dip of the surface in the
vicinity of the current electrodes has substantial influence on

the measured magnetic fields.
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3-7 Terrain Features in Uniform Electric Fields

Modeling the electrical response of terrain features in uniform
primary electric fields has relevance to the telluric method and to
situations where electrical resistivity and magnetometric resistivity
measurements are made at distances from the current electrodes which
are large compared to anomaly wave lengths. It should be noted,
however, that direct current modeling of electromagnetically induced
telluric fields is an approximation.

Uniform primary electric fields were created in the terrain
models by locating a current source a large distance outside the
main model area. Two 41 x-4)1 surface element terrain features were
modeled: a 2-D ridge with 30 degree slopes, Figure 3-7-1, and a
3-D hill with 20 degree slopes, Figure 3-7-3.

The electric potential and magnetic field patterns over the
terrain features are featureless because the terrain effect anomalies
are super-imposed on the much larger background primary field created
by the distant current source. This loss of anomaly resolution is a
consequence of the rapid 1/r? decrease in the anomaly inducing pri-
mary electric field relative to the slower 1/r fall off of the
primary electric potential and magnetic fields. In contrast, electric
field anomalies are resolvable in the background primary electric
field because they are induced in direct proportion to the primary
electric field strength.

Figures 3-7-2 and 3-7-4, respectively, show the percentage change

in the surface electric field x component relative to the primary
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electric field for the 2-D ridge and 3-D hill models. (The effect
of the finite strike length of the 2-D ridge can be seen at the
edges of the electric fleld solution as a loss of the 2=D character
of the contours. However, a few model elements away from the edges,
the solution becomes highly two dimensional.) As one might expect,
the maximum reductions in electric field strength, 62 and 39 percent,
occurred at the respective crests of the ridge and hill, while the
maximum increases of 40 and 25 percent were located in narrow zones

at the bases of the ridge and hill,
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3-8 Magnetometric Resistivity and Electrical Resistivity Terrain

Effects Over Two=- andThree-Dimensional Features

The author has studied terrain effect magnetometric resistivity
and electrical resistivity anomalies by investigating several basic
two-and three-dimensional terrain features: a valley, ridge, hill,
and sink. Homogeneous intrinsic resistivities of 100 ohm-meters were
used for all models; terrain slope angles were set to 10, 20,and 30
degrees; and the current source was alternately placed at the crest,
base,and mid=flank of each terrain feature. Apparent resistivity
(pole-pole) and percent magnetic field anomalies were computed over
the model surfaces, and the results contoured. The model results
are presented in a format similar to that used for MMR and mise-a-la-
masse surveys employing distant potential reference and current
return electrodes and hence may be used directly as terrain effect
interpretive aids for these survey methocds.

Figures 3=8=1 through 3-8-8 show plan and section views of the
eight terrain features modeled. Each terrain feature was modeled
with an equispaced 41 x 41 grid of surface elements and given a
homogeneous model resistivity of 100 ohm-meters. The models and
model results are identified by case labels (e.g.,R=-SA10-1B) en-
coded in the following way: the first letter represents the type
of terrain feature: R for ridge (2-D), V for valley (2-D), M for
mound or hill (3-D), and S for sink (3-D). The letters SA are
followed by the slope angle of the terrain feature in degrees. The

final pair of letters indicates current electrode position A, B, or
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C for crest, mid-flank,or base of the terrain feature, respectively.
Table 3-8-1 lists the 16 models run for this study.

A word of caution: since finite length features were used to
represent the two-dimensional surfaces, solution accuracy is degraded

near the edges of these features.



TERRAIN
TYPE

R

R

TERRAIN TYPES:

TERRAIN MODEL CASES

SLOPE
(DEGREES)

SATO
SA20
SA20
SA20
SA30
SAZ20
SA20
SA20
SA10
SA20
SA20
SA20
SA30
SA20
SAZ20
SA20
RiDGE 2-D
VALLEY 2-D
HILL 3-D

SINK 3-D

TABLE 3-8-1

CURRENT
ELECTRODE

1B
IA
IB
IC
1B
IA
1B
IC
1B
IA
1B
IC
18
IA
1B

IC
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3-8.1 Apparent Resistivity Model Results

Figures 3-8-9 through 3-8-2k show the resistivity model results
for the pole-pole electrode configuration. The potential reference
and current return electrodes are at infinity. Apparent resistivities
are calculated at the center of each surface element using flat earth
geometric factors and straight line distances between current and
potential electrodes. Since the homogeneous background resistivity
is 100 ohm-meters, the apparent resistivity results can be easily
converted to percent resistivity or electric potential terrain effect.

The fundamental physical cause of terrain effects in electric
potential fields is induced electric charge on the surface. This
surface charge is the physical analog of the numerical integral
equation charge solution obtained with the modeling program. Associ-
ated with the surface charge are anomalous potential fields which a%e
basically the potential terrain effect. Assuming the current source
is positive, pcSitive surface charge elevates the electric potential
causing anomalously high apparent resistivities; negative surface
charge produces the opposite effect. Positive surface charge re-
sults from electric field vectors, due principally to the current
source (although the surface charge makes contributions), impinging
on the underside of the surface, while negative charge results from
vectors impinging from above the surface. With the above consider~
ations in mind, it is not difficult to understand the relations be-
tween resistivity anomalies, surface shape, and current locations for

the terrain models in this suite.
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Table 3-8-2 lists the high and low apparent resistivity anom-
alies produced for each of the model cases.

A review of the model results revealed the following:

1) The models show a general correlation of apparent resistivity highs
with convex surfaces (e.g., tops of hills and ridges) and an associa-
tion of resistivity lows with concave surfaces (e.g., sinks, valleys,
and near the bases of hills and ridges).

2) Terrain features with slope angles as small as 10 degrees produce
resistivity terrain effects exceeding 10 percent (e.g., Case M~SA10-IB
has 17 percent anomaly). The maximum anomaly produced for 30 degree
slope angles was 68 percent, Case M-SA30-1B.

3) The magnitude of the anomaly patterns for a given topographic shape
bear an approximate linear relation to the terrain feature's height.

4) The anomalies on the 3-D hills are 30 to 60 percent larger than the
corresponding 2-D ridge models with identical siope angles, suggest-
ing that 3-D terrain may, in general, cause more severe terrain ef-
fects than 2-D terrain. However, the two depression terrain forms,

the 2-D valley and 3-D sink, do not produce resistivity anomalies

which differ significantly.

In an actual survey, the significance of these terrain effect
anomalies depends on the amplitude of the anomalies one wishes to
resolve in measured data. In the majority of resistivity surveys, a
10 percent terrain effect would not significantly alter interpreta-

tion of the data. However, where terrain effects exceed 20 percent,



TERRAIN MODEL

APPARENT RESISTIVITY MAXIMA AND MINIMA

OHM-METERS

CASE MAX MIN
R-SA10-1B 113 95
R-SA20-TA 118 100
R-SA20-1B 127 90
R-SA20-IC 116 92
R-SA30-1B 143 86
V-SA20~-TA 100 85
V-5A20-1B 2 77
V-SA20~-1C 110 84
M-SA10-1B 117 97
M~SA20-TA 129 102
M-SA20-1B 139 9k
M-SA20-1C 122 92
M-SA30-18 168 92
$-5A20-TIA 100 81
$-5A20-18B 108 76
§-SA20-1IC 108 84

TABLE 3-8-2
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as they do on models with slopes of 20 degrees or more, application
of the resistivity terrain correction scheme described in section

3-2 should improve the accuracy of the interpretation.
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3-8.2 Magnetic Field Model Results

Magnetic field anomalies on the surfaces of the terrain features
(Figures 3-8-25 through 3-8-72) were computed as percent magnetic field

anomalies, Bga , using the following equation

8P% (7) = 100(8"(F) - B ()P ,

where
N, = ul . .
B (r) = == s the total normal (half-space) magnetic field,
o= oxio+ yj is the horizontal distance from the current
source I, and
€ = x, y, or z component .

The sign of the contoured magnetic field anomaly Bza defines
the polarity of anomalous field rather than an increase or decrease
in field strength relative to the total normal field BNS Positive
vertical magnetic field anomalies denote vectors pointing into the
figures. Since the contoured magnetic anomalies are derived from
fields calculated at every other model grid point, the contours may
not accurately represent extreme variations in the fields at certain
locations. Table 3-8-3 lists the maximum percent magnetic field
anomalies produced for each of the model cases.

The magnetic field model results do not indicate a simple
relationship between topographic highs and lows, but rather a com-
plex relationship involving terrain slopes and the surface electric

field vectors. However, for a given topographic form, there is an



CASE
R=SA10-18B
R-SA20-IA
R-SAZ0-1B
R-SA20-1C
R-SA30-18B
V=SA20-1A
V=SA20-1B
V-SA20-1C
M-SA10-18
M=-SA20-IA
M=SA20-1B
M=-SA20-1C
M-SA30-18
S~SA20-IA
§-5SA20-18B

§-5A20-1C

MAXIMUM PERCENT MAGNETIC FIELD ANOMALIES

Bx
5.4
11.9
10.0
10.2
15.5
13.2
12.5
6.2
10.4
25.0
23.1
9.1
4o.1
27.1
19.1
8.3

TERRAIN MODEL

By

6.6
14.5
14.7
22.5
24,7
21.5
15.8
14.8

9.9
25.0
21.4
18.7
36.5
27.1
19.2

7-7

TABLE 3-8-3

Bz
15,0
14.6
30.3
19.0
45,0
10.3
30.1
22.3
14.0

0.0

28.0

Ly.9
0.0

27.6



approximate linear relation between the amplitude of the anomaly
patterns (in all field components) and the terrain feature's
height. Terrain features with slope angles as smail as 10 degrees
produce maximum magnetic field anomalies ranging from § to 15 per-
cent. In the model suite, maximum x component anomalies range
between 5.4 (Case R-SA10-IB) and 40 percent (Case M=SA30-IB): v
component anomalies between 6.6 (Case R-SA10-IB) and 36.5 percent
(Case M-SA30-1B): and z component anomalies between 0.0 (Case
M=SA30-IA) and 45 percent (Case R-SA30-IB).

When one considers that many subsurface geologic structures
produce maximum MMR anomalies of 30 percent or less, it is easy to
see how uncorrected terrain effects can lead to inaccurate geophy-

sical interpretations.

82



3-9 An Approximate Method for Estimating Vertical Magnetic Field

Terrain Effects

The full numerical solution of magnetic field terrain effects
requires that the direct current boundary value problem be solved.
The magnetic field components are then found by evaluating surface
integrals involving surface electric fields and terrain slopes.

These integrals (taken from equations (2=10=7 )) are given below:

8 (7") 23%$;QL‘K[A(:MMZL>
=HJ(61 UZ) /[f (E fy * E ) dXdY (3@39@2)

Ef E f
- ff (Cx Z x) dxdy (3-9-3)

(3-9-1)

Hﬂ

sy(?*)

BZ(F=)

Fe

Since most of the computational effort of obtaining magnetic
fields is expended in the solution of the surface electric fields,
it is desirable to finé schemes which speed this aspect of the com-
putations. One such scheme developed by the author gives an approxi-
mate solution to the vertical magnetic field terrain effect by sub-
stituting the easily calculated half-space electric fields for the
true horizontal electric fields in equation (3-9-3). This approach
produces results of reasonable accuracy due to the relation between
electric field and siope terms in the integrand. The value of the
integrand is controlled predominately by the terrain slopes; errors

in the vertical magnetic field estimate will not be greater than the
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maximum difference between the true horizontal electric fields on the
terrain and the half-space electric fields (an amount which is usually
10 to 20 percent). In practice, however, the averaging which re-
sults from the integration generally produces less error.

Figure 3-9-1 shows a comparison of vertical magnetic field
anomalies calculated using the full numerical solution and using
the approximate technique described above. The profile, from model
Case R-SA30-1B, was taken perpendicular to the 2-D ridge, 4 model
elements down strike of the current source. The approximation has
an error which is everywhere less than 10 percent of the peak anomaly

value. Tests on other terrain features showed similar accuracies.



CHAPTER 4

SUMMARY AND CONCLUSIONS

The Electrical Resistivity and Magnetometric Resistivity (MMR)
direct current prospecting methods are powerful and highly versatile
tools for the detection of conductivity inhomogeneities associated

with geologic structures. Exploration geophysicists have long known

topographic features to be the cause of misleading anomalies in these

survey methods. However, the evaluation and correction of terrain
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effects is generally difficult, requiring the use of forward numerical

model solutions for the electric and magnetic fields over arbitrary
three-dimensional terrains. Until now there have been no model
studies on the terrain effect in MMR surveys; and the available
model studies on electrical résistivity terrain effects have been
limited to two-dimensional topography. Hence, there is need for
modeling techniques which enable the geophysicist to estimate and
remove three-dimensional effects in both electrical resistivity and
magnetometric resistivity surveys.

This work examined the application of the integral eqguation
numerical modeling techﬁique to the estimation of 3-D topographic
effects for homogeneous earths in the Electrical Resistivity and
Magnetometric Resistivity geophysical prospecting methods. A new
and fundamentally powerful technique for applying current source

images in combination with surface charge was developed and used
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to meet the boundary conditions on the air-earth interface. The
integral equations required for the solution of the electric and
magnetic fields were reformed in terms of surface slopes. Veri-
fication of the accuracy of the numerical solutions were made by
comparisons with independent modeling techniques. The effect of
terrain on uniform electric fields was examined. A small suite

of models were run to investigate resistivity and magnetometric
resistivity terrain effects over two- and three-dimensional topographic
features. A computationally efficient method for estimating the
vertical magnetic field was developed and demonstrated. Finally,
methods for correcting apparent resistivity and MMR data for terrain
effects were described and demonstrated with examples using real
field data.

The terrain problem is treated by modifying the standard
integral equation method with a technique for applying images in
combination with surface charge; the resulting integral equation is
formulated in terms of surface charge and terrain slopes. The ter-
train is divided into a grid of flat plates or elements on each of
which the charge density Is assumed to be uniform. An approximate
solution to the surface integral equation is obtained using the
""soint matching'' method to solve for the charge at the center of
each element. The integral equation is thus written as a set of
simultaneous linear equations with surface charge as unknowns. This
system of equations is easily and rapidly solved by an iterative

approach.
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Once the surface charge distribution has been solved, the other
electrical parameters are easily calculated. Electric potential is
determined from an evaluation of the potential contributions produced
by the surface charge distribution and the current sources and images.
Apparent resistivities are then calculated directly from the poten-
tial. Surface electric fields, which are required for the calcula-
tion of the magnetic field, are determined by adding electric fields
produced by the sources and images to the electric field due to the
surface charge distribution. Finally, the magnetic field is found
by evaluating a surface integral equation involving terrain slopes
and surface electric fields; an approximate separation of primary
and secondary magnetic fields is used to reduce problems created by
electric field singularities and the finite area of the model.

The new technique for applying current source images in combin-
ation with surface charges is directed at treating the extreﬁe vari-
ations in surface charge density associated with buried or down hole
current sources. The technique eliminates these extreme charge
variations by the placement of a current source image above the
surface opposite the current source. In this way, the current source
and image provide a first order solution to the surface boundary
conditions,while surface charge handles the higher order detail of
the solution. Since the resulting surface charge distribution is
much more slowly varying than it would have been without the image,

it may be represented accurately on a coarse model grid with & simple
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basis function.

This thesis has shown that the integral eguation numerical
modeling technique can be efficiently used to treat realistically
complex three-dimensional topography for both the resistivity and
magnetometric resistivity methods. Generally requiring only 2 to
3 iterations for adequate solution convergence, the iteratfve solu-
tion of the surface integral equation is a rapid means of obtaining
the charge on the model surface. Since it is necessary to solve for
surface charge for each current electrode configuration used, the
iterative solution approach is best suited to theimodeiing of the
mise-a-la-masse and MMR methods, which typically employ a small
number of current electrode locations and a large number of field
observation locations.

Computer requirements for the terrain program are not excessive
given the complexity of the terrain problem. 0On a CDC 7600 series
computer, a typical 41 x 41 element model with a single current
electrode arrangement requires approximately 60 seconds to compute
potentials and resistivities at all surface elements, and an addi-
tional 20 seconds to compute vector magnetic fields at one-fourth
of the surface elements. The required core or direct access data
storage ranges between 6 to 12 times the number of model surface
elements, depending on the choice of trade-offs made between data
storage requirements and program execution time.

The basic drawback of all integral equation formulations for

electric potential is that the solution is poorly behaved at sharp
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corners in the model surface, making it necessary to smooth the
corners and increase the density of surface elements in those areas.
Consequently, where surface current electrodes are modeled, care
must be taken to smooth the surface near these electrodes. Sub-
surface current sources two or more model elements deep, however,
may be used without special treatment of the surface. The new
technique of applying current source images in combination with
surface charge has greatly reduced the surface element density
requirements on the model surface above these buried current sources.

The fundamental physical cause of e?ectfic potential terrain
effects is induced electric surface charges. This surface charge is
the physical analog of the numerical integral equation charge solu-
tion obtained with the modeling program. The application of flat
earth data reduction procedures to resistivity and MMR measurements
acquired over irregular terrain ignores these anomalous surface
charge accumulations and hence causes terrain effect anomalies.

When correctly calculated, the measured apparent resistivity of
a homogeneous earth will always be egqual to the earth's intrinsic
resistivity; terrain effects result simply from the application of
inappropriate geometric factors in computing the apparent resistivity.

A simple procedure for removing terrain effects from existing
apparent resistivity data consists of using the resistivity terrain
effect program to model the survey, assigning a homogeneous resis-
tivity of 1 ohm-meter to the model, and calculating model apparent

resistivities using flat-earth geometric factors. The model apparent
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resistivities are then divided into the field measured apparent
resistivity values to remove the terrain effects. Fox et al

(1980) have shown this terrain correction scheme to be effective

in stripping the terrain effects from 2-D apparent resistivity data
while not significantly altering the anomalies due to subsurface
structures. Once terrain corrected, apparent resistivity data can be
interpreted assuming a flat earth. Only small errors result from

the distortion of distances between buried bodies and electrodes
caused by the irregular surface.

In this thesis, the terrain correction scheme was successfully
applied to a set of mise-a-la-masse apparent resistivity data acquired
in an area of rugged three-dimensional terrain.,

By definition a homogeneous earth with arbitrary topography
will not produce an MMR anomaly. True MMR anomalies result only
from inhomogeneities imbedded in the earth. However, terrain effect
anomalies result when measurements taken over irregular terrain are
reduced by subtracting half-space normal (primary) magnetic fields
rather than the true normal magnetic fields for the area under study.
The normal magnetic field is the theoretical magnetic field which
would be observed over the survey area if the earth was of homo-
geneous resistivity.

Removal of MMR topographic effects is accomplished by using
the numerical terrain model to calculate the normal magnetic fields

for a homogeneous earth at each field measurement location. The
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model fields are then subtracted from the measured fields to give the
terrain corrected anomalous fields. Compensation for the magnetic
flelds caused by current flow in the cables connecting the electrodes
to the current transmitter is included in the data reduction as a
separate calculation using the Biot-Savart Law. Terrain corrected

MMR data more accurately show the response of the subsurface resis-
tivity structures, making qualitative and guantitative interpretations
more valid.

Terrain effect magnetometric resistivity and electrical resis-
tivity anomalies have been studied by investigating several basic
two= and three-dimensional terrain features: a valley, ridge, hill,
and sink. Homogeneous intrinsic resistivities of 100 ohm-meters
were used for all models; terrain slope angles were set to 10, 20,
and 30 degrees; and the current source was alternately placed at
the crest, base, and mid-flank of each terrain feature. Apparent
resistivity (pole-pole) and percent magnetic field anomalies were
computed over the model surfaces, and the results contoured. The
model results are presented in a format similar to that used for
MMR and mise-a=-la-masse surveys employing distant potential refer-
ence and current return electrodes and hence may be used directly
as terrain effect interpretive aids for these survey methods.

These model results represent the first numerical simulation
of magnetic field terrain effect anomalies due to direct current
flow. The results show magnetic field terrain effects to be com-

parable in severity to electric potential terrain effects. Both
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electric potential and magnetic field terrain effects‘become signi-
ficant when terrain slopes exceed 10 degrees. The maximum electric
potential and magnetic field terrain effect anomalies cbserﬁed over
homogeneous topographic features with 10 degree slopes were 13 and
15 percent, respectively, while topographic features with 20 degree
slopes had respective electric potential and magnetic field anomalies
of 27 and 30 percent.

The terrain modeling program developed in this thesis treats
only earth models of homogeneous electrical conductivity. However,
a simple extension of the theory will allow the inclusion of three-
dimensional inhomogeneities. Following the technique developed in
this thesis for the use of current source images in combination
with surface charges, the approach would be to place, above the
terrain surface, an image of the charge on the subsurface inhomo-
geneity. The image of the inhomogeneity need not be as detailed
as its subsurface source because the image and source pair serve
only as an approximate solution to the surface boundary conditions
with the remainder of the solution absorbed by surface charge on
the terrain.

Another potential area of application of the combined image
surface charge technique occurs where a current source is placed in
close proximity to a very highly resistive inhomogeneity. In this
case it may be possible to reduce the variation of charge and hence
reduce the number of model elements on the inhomogeneity by placing

a8 current source image inside the body.
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APPENDIX 1

DERIVATION OF THE INTEGRAL EQUATION FOR THE

ELECTRIC POTENTIAL BOUNDARY VALUE PROBLEM

This derivation is similar in many respects to the development
of the integral equation problem as given by Pratt (1972).

We begin with Ohm's law:

=

J = oF , (1-1)
where J = current density,

g = conductivity, and

E = electric field.

Taking the divergence of both sides of the equation (I-]) we have

v-J = V. (cE), (1-2)

£.Vd . YooF ]
or VE = = = - (1-3)
Since E=-v¢ , (t=4)

where ¢ is the electric potential, we obtain

2, o AR Vg-E -
I (1-5)

Equation (1-5) has the form of Poissons equation which has the

solution

Ve J VG°§
¢ ij: (§§;§° z;?g) dv, (1-6)
where r is the distance between the observation point for ¢ and
the integration point. Since the strength of the current source

I is given by
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I =fvs,,z v, (1-7)

v

equation (1-6) may be written as

_ 1 _ | Vo-E .
¢ = bnor J[kﬁar dv. (1-8)

A

Next from Maxwell's equations, we have

V x H = oF. (1-9)

Taking the divergence on both sides of (1-9) we obtain

VU x H = v (cE). (1-10)
Since V'YxHE=zO0, (1-11)
we are led to

ve(oE) =0, (1-12)

which can be written as

VoeE + oVE =0 . (1-13)
Next, Poisson's equation for the electrostatic scalar potential
in a homogeneous, isotropic medium is:

V2 = - £, (1-14)

e

where p is charge density and ¢ is the permittivity of the
medium. We may rewrite equation (I-14) as

VeE =2 (1-15)

€

Substituting (1=15) into (1=13), we obtain

%g;z%’is (2576)

and substituting (1-16) into (1-8), we have

I 1 [edv
® = Gnor " T7 Er . (1-17)




In this thesis the gradient of the conductivity will be nonzero only

on surfaces. Thus, (1-17) becomes a surface integral

" p ds (1-18)
¢°1§wo’r+lmf€r

s
The solution of the charge density distribution function p is
determined by a consideration of the boundary conditions at the
surface of the body. Referring to Figure 2-3-1, the conditions
that must be met are:
(i) The normal component of current density must

be continuous across all surfaces, i.e.,

A1 _ g, 202 -
gl Bﬂ 52 an @ (g 19)

(i) The difference in normal electric field across a

surface is equal to p/e.
Using the divergence theorem on (1-15),we obtain the following

relation between electric fields crossing a conductivity discon-

tinuity.
- = 2 -
(Eﬁl Enz) c (1-20)
s
=30y 392 '3 -
or —= L v = . (1=-21)
s s

Substituting (1=19) into (i-21) gives us

~993 + 2;8113 = £ (geuzz)
on Oy on e ’

S s
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21| Lo (o2 :
or | T G2) (1-23)

Referring again to Figure 2-3-1, we take the normal derivative of
the righthand side of equation (I-18) at point P and equate the

result to the righthand side of equation (1-23) to obtain

of) o2y - L (‘)"T”[MM)LUMSG (1-24)

£ g31=03 bwoy Bn Foc T € an oM

S

This is a Freldholm integral equation of the second kind.
Note that the equation has the units of electric field strength.

We next evaluate the singularity in the integral. The inte-
grand gives the electric field at P due to charge at M. Recog-
nizing this,we may evaluate the singularity by determining the
electric field at M due to charge at M. Referring back to boundary

condition (ii) and equation (1-20), we have

- = £ -
(En1 gnz) ] = (1-25)

The electric field due to the charge at the singularity is

symmetric about the surface. Thus,

Enz = =Sn2 . (1-26)
and
= = -
Enl TR (1-27)

Equation (1-27) gives the value of the singularity as:

P -
30 - (1-28)



By removing the singularity from the integral in equation (1-24),

we obtain
o(P) I3 L
2¢ =k [Eﬁcl an (FPC)
PR R -1 () R I SR P (1-29)
27 2 an Y g

sl
where the prime on s indicates that the singularity at P is not

included in the integration and where k = (o1~02)/(01%02).
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APPENDIX 11

MAGNETIC FIELD OF A FINITE CURRENT FILAMENT

The magnetic field produced by current flow in an arbitrarily
oriented, straight length of insulated wire, can be found by apply-
ing the Biot-Savart Law.

If, as shown in Figure Il-1, a current of stzength I flows
in a straight wire from P, to P, the magnitude of the magnetic

field at P, can be shown to be given by

_ uI(C0S4; = COSdz) i
B = TwR SN, (-1

To express this magnetic field as a vector in rectangular coordi=
nates,we use the following relations:

Po (x5 Yo, 2o)

Py = (x1, v1, 21)

P2

]

(x29 Y25 ZZ)

Ry = ]El - Egi V{x1-x0)% + (y1=voe)? + (21-24)°

Pio = 151 - 52' e VST T T e )?
€05¢2 = (x3=%0) (x3-%2) + (yi=vo) (yi-y2) + (z1-20) (21-2;)
Ry Pi2
SINg = VT - C05%%1

Ro= | Py = Po| = Y{xz2-%0)° + (ya-yo)® + (z2-20)°

0S¢, = (x2=x%0) (x1-x2) + (yéggzl(Y1“yz) + (22-20) (21-22)

101



102

The unit vector u perpendicular to the plane containing vectors

512 and El is given by

where U=Piz x Ry ’

and u, = T [{ya=y1) (z1=20) = (z2-2z1) (ya-ydl ,
U, = =Jl0xa=xa) (z2-20) = (z2=21) (xa=xo] ,
u, = k [{xz=x1) (y1=yo) = (y2=y1) (xa=x)]
L o= |Pis x Ry =02+ AU

Then u =

And finally,

) uI(C0S¢2-C0S1)
z 4rRySINGy ° (11-2)

B = (1ux+4uy+ku
The magnetic field of a curved wire is found by approximating

the curved path of the wire with a number of straight wire segments

and summing the fields produced by each segment.



APPENDIX 111

DERIVATION OF THE MODIFIED BIOT=SAVART

LAW FOR SOLENOIDAL CURRENT FLOW

The following development of an integral equation for the

magnetic field in terms of the cross product of electric field

and gradient of conductivity follows that of Edwards et al (1978).

The magnetic field 5(;) external to a volume V containing a

distribution of current J(r') may be written as

3(7) =%I3<;'> KV (e (111-1)

v
Applying the vector identity
V' x (¢A) = ¢V' x A - A x V'¢ , (111-2)

£

where A is a vector and ¢ a scalar, and Stokes theorem,

f« x Adv’ gfa x Ads' (111-3)

v 5
where S is the surface bounding the volume V and ﬁ(;‘) is the
unit vector outward normal to S, the magnetic field may be

rewritten in the form

== U v'x J(r') . A (
B(r) = I = dv T‘r?f A x% -
s

(7o |

:

) e

:)}dS'.(iH-L;)

Consider the volume V to be the half-space z>0, on and

beneath the surface of the earth, where the current density J(r')is

generated by flow from a current electrode in V.
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The boundaries of the surface S are selected to be a plane
just sbove the earth's surface and a hemisphere of large radius R
which in the 1imit completely encloses V. The surface integral
over § vanishes on the plane boundary where J = 0; it also van-
ishes on the hemispherical surface provided that J(r) falls off

at a rate greater than 1/R. Whence,

B(F) =4t ;[ EiTé—gé%ll ave . (111-5)

F=r
v

Everywhere within the earth, we define an electric potential
o(r') related to current density through the local conductivity
a(r') by

J(r') = =o(r)vte(r). (111-6)

Using the vector identity (i11-2) and observing that

V! x V'¢ = 0, we obtain

B(F) = Eﬁjf V'¢(rl}FfF?;G(r') vt . (1re=7)
\4

When the conductivity changes only across surfaces, equation (111-7)

takes the final form

B(F) = “fv"*’(‘-"')xw(?:‘) ds'. (111-8)

L [F-F']

S
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APPENDIX [V

TERRAIN PROGRAM LISTING
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Coseacsanensscononanasdsde PROGRAH MinPO BREBCBARBOROEL000BORRBRBO00RBGY

OO OO0 OO OO OOOON OO OO OO OO OO e 0

L
@

AUTHOR

PURPOSE

REFERENCE

NUMERICAL

UNITS Of

seas VERSION 1.0 9 SEPY 1979 esasd
eese L AST MODIFICATION 23 MARCH 1982 sesee

GARY L. DPPLIGER
ENGINEERING GEOSCIENCE DEPY.
UNIV. OF CALIF. BERKELEY

CALCULATES ELECTYRIC POTENTIAL, RESISTIVITY. ANO MAGNETIC
FIELDS DUE TO DIRECY CURRENT FLOW IM AN EARTH HITH
ARBITRARY 3-0 TVCPOGRAPHY AND UNIFORM CONDUCTIVITY,

OPPLIGERs Go Leo» 1982, THREE-DIMENSIONAL TERRAIN EFFECYS
IN ELECTRICAL AND MAGNETOMETRIC RESISTIVITY SURVEYS: PHeD.
THESIS» UNIVERSITY OF CALIFORNIA, BERKELEY,

TECHNIOQUE
THE SURFACE CHARGE INVEGRAL EQUATION TECHNIQUE 1S5 USED
Y0 SOLVE THE DIRECT CURRENT BOUNDARY PROBLEM AND QOBTAIN
SOLYTIONS FOR ELECTRIC POTENTIAL AND ELECTRIC FIELDS.
MAGNETIC FIELDS ARE FOUND BY EVALUATING A SURFACE INTEGRAL
INVOLVING SURFACE ELECTYRIC FIELDS AND SURFACE SLOPES.

CALCULATED FIELDS
POTENTIAL o VOoLYS
APPARENY RESISTIVITY = OHH=-METERS
HAGNETIC FIELLD - HILLIGAMHAS

e 008 RRReR00eRY0RY0RaR0RRRdO0CReRRRReReaRORRYaR0eReRR0ee0R0R0G0RROR B8

PARAMETER
NAHE

NPL

MY

NPIN

HTINE

NPUG

BESCRIPTION OF PARAMETER CARDS
eeeases PARAMETER CARD | ¢eeass
FIELD FORMAT

£oL 7-10 INTEGER
SPECIFIES ROW AND COL SIZE OF THE MAIN HOOEL GRID AREA.

NPL CANNDY BE LARGER THAN THE NeN ARRAY SIZE DEFINED B8Y
DIMENSION STATEHENTS. A TYPICAL VALUE FOR NPL IS &1

COL 17=20 INTEGER

SPECIFIES ROW AND COL DIMENSION OF THE OUTER SURFACE GRID
SURROUNDING THE MAIN HMODEL GRID.{(THIS OQUTER SURFACE IS USED
ONLY FOR SURFACE CHARGE.) A TYPICAL VALUE FOR NT IS 20

coL 27-30 INTEGER

SPECIFIES THE NUHMBER OF ROWS (AND COLS) OF THE OUTER GRID
WHICH ARE CONTAINED WITHIN THE MAIN HODEL 6RID.
eseNOTEeee (NT=-NPIN) MUST BE AN EVEN INTEGER. A TYPICAL
VALUE FOR NPIN IS5 6.

COL 37-40 INTEGER
SPECIFIES THE NUMBER OF TIMES THE SURFACE CHARGE SOLUTION
IS RELAXED. TYPICAL VALUES FOR HMTIME ARE 2 AND 3.

COL 47=50 INVEGER
CONTROLS CREAVION OF PUNCHED CARD DUYPUT OF SURFACE CHARGE
SOLUTION. NPUG = O FOR NO PUNCHED CARDS

NPUD = i FOR PUNCHED CARDS
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FLATZ

EFLATZ

PARAMETER
NAME

NSRC

NSRECIH

NSEG

SCALE

SIGHA

FTMY

ATTN

PARAMETER
NAME

Iw(1)

1H(2)
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COL 51-60 FLDOATING

SPECIFIES THE ELEVAYION IN MAP UNITS (FEET OR HETERS) OF

THE HORIZONTAL SURFACE USED FOR THE SEPARAYION OF HALF=SPACE
AND TOTAL (TERRAIN) MAGNETIC FIELDS. FLATZ IS USUALLY SET 7O
THE HMODEL SURFACE ELEVATION AY OR ABOVE THE CENTRAL OR MAIN
CURRENT ELECTRODE.

COL 61=70 FLOATING

SPECIFIES THE ELEVATION IN MAP UNIYS OF VHE HORIZONVAL OUTER
GRID SURFACE SURROUNDING THE MAIN MODEL AREA. SURFACE CHARGE
1S INDUCED ON THIS SURFACE GRID ONLY BY CURRENT SOURCES AND
IMAGES., THE MAIN MODEL SURFACE GRID SHUULD RAVE I7S
BOUNDARIES TAPERED TO CONNECT SHOOTHLY WITH THE QUYER
SURFACE SPECIFIED BY EFLATZ., GRIODING OF THIS OUTER SURFACE
15 CUNTROLLED BY PARAMETERS NT AND NPIN.

sesee PARAMETER CARD 2 ssses
FIELD FORMAT

coL 7=10 INTEGER
SPECIFIES THE NUMBER OF CURRENY SOURCES (ELECTRODBES) PRESENT
IN THE MODEL.

coL 17-20 INTEGER
SPECIFIES THE TOTAL NUMBER OF CURRENT SDURCES AND THAGES
USED FOR THE MODEL.

coL 27-30 INTEGER
SPECIFIES THE NUMBER OF CURRENT CARRYING STRAIGHT WIRE
SEGHMENTS USED FDR THE MODEL.

COL 31=40 FLOATING
SPECIFIES THE INTERVAL IN METERS BEVSEEN HODEL GRID POINTS.

COL 4i=50 FLOATING
SPECIFIES CONDUCTIVITY OF THE EARVTH HODEL IN HHOS/METER.

COL S51-60 FLOATING
FACTOR YO CONVERT UMNITS OF ALL INPUT CDORDINATES (EXCEPY
MONEL SURFACE ELEVATIONS) 7O UNITS OF WETERS. FOR EXAWPLE

FIMT = 0.3048 IF COORDINATES WERE GIVEN IN FEETY AND
FINT = 1.0 If COORDINATE WERE GIVEN IN METERS.
COL 6i=70 FLDATING

FACTOR TO CONVERT MODEL SURFACE ELEVATIOMS TD METERS.

FOR EXAHPLE, ATTN = 0.3048 IF SURFACE ELEVATIONS WERE
GIVEN IN FEET. AND ATVN = 1.0 IF SURFACE ELEVATIONS WERE
GIVEN IN METERS.

seeaes PARAMETER CARD 3 ewesee
FIELD FORMAT

COL 7-10 INTEGER

SPECIFIES THE RADIUS (IN VYERMS OF VHE NUMBER OF ROWS OR
CDLUMNS) OF INFLUENCE OF THE SURFACE CHARGE RELAXATION
PROCESS. THE MAXIMUM AREA OF INFLUENCE IS OBYAINED BY
SETTING IW(1) = NPL=1., THIS IS THE SAFEST VALUE FOR IW1).
SMALLER VALUES MAY BE SPECIFIED VO SAVE COMPUTATION VINE
ONLY IF IT CAN BE DEVERMINED THAT THE EXCLUDED DISTANT
ELENMENTS ARE UNIMPORTANY TO THE CHARGE RELAXATIDN PROCESS.

CoL 17-20 INTEGER
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IH(3)

HSKPX
NSKPY

PARAMETYER
NAME

BHOH

RBF

BHH

BANH

EPOY

APPR

SPECIFIES THE MAXIUM DISVANCE (IN TERMS OF THE NUMBER OF
ROWS OR COLUMNS) FROM THE CENTER OF THE MODEL SURFACE AV
WHICH MAGNETIC FIELD VALUES WILL BE CALCULATED., SEY

19{2) = (NPL=1)/72 YO CALCULATE MAGNETIC FIELD VALUES OVER
THE COMPLETE MODEL GRID,

coL 27-30 INYEGER
CONTROLS THE EXTENTY OF INVEGRATION BVER SURFACE CHARGE 71O
DETERMINE THE POTENTIAL. FOR BEST RESULTS IW{3) s NPL=l .

CoL 37=40 INTEGER

COL 47=50 INTEGER

CONTROLS THE SHKIPPING OF ROWS (NSKPX) AND COLUKNS (NSKPY)
IN THE CALCULATION OF MAGNETYIC FIELDS ON THE HMODEL SURFACE.
NSKPX=1 AND NSKPYsi CAUSES THE RAGNETIC FIELDS 7O BE
DETERMINED AT ALL GRID PDINTS. NSKPX=2 AND NSKPY=2 CAUSES
THE MAGNEYIC FIELOS 7O BE DETERMINED AY EVERY &TH GRID
POINT. ETCeo

eoees PARAMETER CARD & essae

THE PARAMETERS ON CARD & CONTROL THE CREATION @ PRINTVER»
PLOTTER, AND PUNCHED CARD OUTPUTYT FOR THE CALCULATED
ELECTRIC AND MAGNETIC FIELD VALUES.
DEFINITIONS OF CONTROL VALUES =

0.0 FIELDS ARE NOTV CALCULATED OR QUTPUT.

1.0 FIELDS ARE PRINTED AND PLOVYED.

2.0 FIELDS ARE PRINTED PLOVTED AND PUNCHED.

FIELD FORMATY

CoL 7-10 FLOATING

FOR QUTPUY OF MAGNETIC B FIELDS DUE ONLY VO CURRENT FLOW
IN THE EARTH MODEL., DOES NOT INCLUDE FIELDGS DUE 7O
CURRENT FLDOW IN THE WIRE SEGMENTS.

coL 17-20 FLOATING

FOR QUTPUT OF HALF=SPACE REDUCED MAGNETIC B FIELDS. I.E.
THE ABOVE BWOW FIELDS WITH THE HALF=3PACE NORMAL FIELOS
SUBTRACTED., THIS 1S THE ANOMALOUS MAGNETIC FIELD DUE YO
THE TOPOGRAPHY.

CoL 27-30 FLOATING

FOR OUTPUT OF TOTAL MAGNETIC B FIELD. THIS FIELD INCLUDES
CONTRIBUTIONS DUE 70 CURRENY FLOW IN THE EARTH AND IN THE
WIRE SEGMENTS.

CoL 37-=40 FLOATING

FOR OUTPUT OF THE PERCENT MAGNETIC FIELD VTERRAIN ANDHMALY.
THE PERCENTAGE IS CALCULATED RELATIVE 71O THE HMAGNITUDE gf
HALF=SPACE NORMAL MAGNETIC FIELD.

COL 47-50 FLOATING
FOR QUTPUT OF ELECTRIC POTENTVIAL CALCULAYED RELATIVE 7O
A REFERENCE POYENTIAL ELECTRODE AY INFINITY.

CoOL 57-60 FLOATING

FOR DUTPUT DOF APPARENT RESISTIVIVIES CALCULATED RELATIVE
TO A REFERENCE POTENTIAL ELECTRODE AV INFINITY. THIS
CALCULATION USES FLAY EARTH GEQMETYRIC FACTCRS AND STRAIGHY
LINE OISTANCES BETWEEN ELECTRODES. THE RESULT IS PROPERLY
CALLED THE TERRAIN EFFECT APPARENT RESISTIVITY ANOMALY.
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PARAHETER
NAME

GREFX

GREFY

PARAMETER
NAME
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svees PARAMETER CARD 5 eeess
FIELD FORMAY

€oL 11-20 FLBATING
NORTHING €X) OF ORIGIN OF WODEL SURFACE GRID
IN MAP UNITS (FEET OR HETERS).

toL 21=3% FLOATING
EASTING (Y) OF ORIGIN OF MODEL SURFACE GRID
IN MAP UNIYS (FEET OR METYERS).

eesos CURRENY SOURCE AND IMAGE CARDS sssese

THESE PARAMETERS SPECIFY VHE COORDINATES AND STRENGTNS OF
THE CURRENT SOURCES AND IMAGE SOURCES USED IN THE HMDDEL.
ONE CARD IS REQUIRED FOR EACH CURRENT SOURCE DR [HAGE.

eaNQTE£ee CURRENY SQURCE CARDS MUSY BE GROUPED VOGETHER
AND READ BEFORE THE IMAGE SOURCE CARDS.

FIELD FORMATY

SOURCE(HM.1) COL 11-=20 FLOATING

NORTHING OR X COORDINATE OF ¥ TH CURRENT SOURCE OR IMAGE.
SPECIFIED IN HAP UNITS (FEET OR HMETERS).

SDURCE(H.2) COL 21-30 FLOATING

EASTING OR Y CODROINATE OF M TH CURRENT SOURCE GR IHAGE.
SPECIFIED IN MAP UNITS (FEET OR MEYERS).

SOURCE(M.3) COL 31=40 FLOATING

ELEVATION OR Z COORDINATE OF M TH CURRENT SDURCE OR IMAGE.
IN MAP UNITS (FEET OR MEYERS) RELATVIVE VO THE DATUHW USED
FOR THE MODEL TOPOGRAPHY,

SOURCECH.4) COL &1=50 FLOATING

PARAHETER
NAHE

FIRSY

STRENGTH AND POLARITY OF CURRENT SOURCE OR IHAGE SOURCE
SPECIFIED IN AMPERES.

ssees WIRE SEGMENT CARDS esoes

THO CARDS ARE REQUIRED VO SPECIFY EACH WIRE SEGMENT.

THE FIRSY CARD IN EACH PAIR SPECIFIES THE SYARTING POINY OF
THE WIRE SEGMENT. THE SECOND CARD SPECIFIES THE END POINT.
UP TO 40 WIRE SEGMENTS MAY BE SPECIFIED.

THE PROGRAM ASSUMES A POSITIVE CURRENT OF WAMPEN) AMPERES
FLOWS FROM THE FIRSY END PUINT. ENDP(H,1eN)s YO THE SECOND
END POINTe ENDP{Re2oN)es SPECIFIED IN EACH CARD PAIR.
COORDINATES ARE GIVEN IN MAP UNITS (FEET OR METERSS.

THC ELEVATION IS GIVEN RELATIVE 7O VHE DATUK USED FOR

THE WMODEL SURFACE.

FIELD FORMAT

CARD IN PAIR

ENDP{1-1,M) COL 11-=20 FLOATING

NORTHING OR X CODROINATE OF SVARTING LOCAVION FOR THE
N TH HIRE SEGHENTY IN MAP UNITS.

ENDP{2,1-N3 COL 21=30 FLOATING
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EASTING DR Y
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CODRDINATE OF STARTING LOCATION FOR THE

N TH WIRE SEGHENT IN HMAP UNITS.

ENDPC3el1oN) COL 31=40

FLOATING

ELEVATION OR Z COORDINATE OF STARTVING LOCATION FOR THE
N TH WIRE SEGHENT IN MAP UNITS.

WAMPIND COL &1-50

FLOATING

CURRENT FLOWING IN WIRE SEGMENT N FROM POINY % 70 2.

GIVEN IN ¢/-

SECOND CARD IN PAIR

ENDP{1,2oN) COL 11-20

AHPERES.

FLOATING

NORTHING OR X COORDINATE OF END LOCATION FOR THE N TH

WIRE SEGHMENT

ENDP{2-2,N2 COL 21=30
EASTING OR Y
WIRE SEGHENT

ENDP(3,2-N) COL 3i-40
ELEVATION DR
WIRE SEGHENT

HAMPOIND COL 461-50

IN MAP UNITS.

FLOATING
COORDINATE OF END LOCATION FDR THE N TH
IN MAP UNITS.

FLOATING i
I COORDINATE OF END LOCAYION FOR THE N TH
IN MAP UNITS.

FLOATING

CURRENTY FLOWING IN WIRE SEGHENY N FROM POINT 1 YO 2.
GIVEN IN /= AMPERES.

c

c

Covsenevoanenvacoane END OF PARAMETER CARDOS e¢ccecveccesevcessecsepase

Ceee JOB CONVROL CARDS FOR LAWRENCE BERKELEY LABDRATORY CDC7600 eae

MMR-12-300.801077-,0PPLIGER

e HOLDOUY

e USERPR

FINLoOPT=22oR=22,PL29000,

FETCHPS,GARYD.TAPE2,DATALS.

FETCHPS-INDS-ULIB-ULIBYX,

FETCHPS,GPACBNT7-GPAC-SCAN,

LINKsFsLGOoP=ULIBeF=GPACS, Yo

REWIND-FILH,

COPY-FILH-FILMI,

REWINDo FILMoFILN1o

DISPOSE-FILMI=3MoM=HE.

DISPOSE-FILM=HF o H=ME.

EXIT.

DUHPBOQ

PROGRAM MYOPD(FILM.TAPEZ,OUTPUT,PUNCH,TAPEG=OUTPUT-TAPEB=PUNCH)
COMMON/IGSZZZ/720200)

DIMENSION DATCL1-,41)-DATY (L1010, ENDP(3,2,40).HANPTL0),A4(3)
DIMENSION ELVI41,61)oFXC41o81)-,FY (615410 PFNEE1,41),00(01561)
DIMONSION PRVGCL1,41)oP0VC&1,610-,EX (410410, EY(41041)eE2C41041)
DIMENSION BFLDC41,461o3)oEFXC41s61),EFY(461561),SOURCEC1I0-4)
DIMENSION APRCLLI-41)oPOTO(41,410FXYC61o61)sSELYV(L1541)
DIMENSION AEXCLLo41)0AEYCL1ob6100 [H(L)

EQUIVALENCE
EQUIVALENCE
EQUIVALENCE
EQUIVALENCE
EQUIVALENCE
EQUIVALENCE
EQUIVALENCE
EQUIVALENCE

(FXC1,1):AEX(15:1)
(FYT1o1),AEY(101))
(DATC1,13,FXY(1s1))
(PFNC1o1)oPOT{1o1)sEX(1r1))
(PRVOCI-1)EFYL1-1)BFLOC12001))
(001 1), EFXC1o13,BFLDC1010,2)3
CAPRE1,1)-8FLD(1:13))
(ELYCi1o1)eoSELY(1p1l))



EQUIVALENCE OF SELY AND ELYV SHOULD BE REMOVED WHEN THEY REPRESENT
DIFFERENT SURFACES.

INITIALIZE CONTOUR PLOT PARAMETERS
THE FOLLOWING 3 CALLS ARE 70 LBL BERKELEY PLOV SUBROUTINES.
A2=10HMMR PLOTS
CALL MODESG(Z.60A2)
CALL SETSHMG(Z,19,100.0)
CALL SETSHG(Z-20,100.03

LEE LR L BEGIN READING PARAMETER CARDS eosasee

READ CARD 1 PARAMETERS
READ(2,180INPLoNT- NPINMTIME - NPUBL,FLATZL,EFLATZ

180 FORMAT(S5(6Xe16)22F10.2)

READ CARD 2 PARAMETERS
READ(2,182)NSRCo NSRCIMoNSEG, SCALE»SIGHA-FTHT-ATTN

182 FORMAT(3(BXo14)oF 10.402F10.60F12.7)

READ CARD 3 PARAMETERS
READC2,1903TWI1),IHEZ2I,IHU3) o NSKPXNSKPY

190 FORMAT(S(6X-1b1))

READ CARD & PARAMELTERS
READ(2,184) BHOW,RBF-BRW-BANH-EPOT-APPR

184 FORMAT(6XeFb.0.5F10,0)

READ CARD 5 PARAMETERS
READ(2-186) GREFX. GREFY

186 FORMAT(10X-2F10.0)

HRITE(62200)(NPL- NT o NPINHTINENPURBFLATZ,EFLATZ)
200 FORMAT(1H1.5XooNPL=2s 4okl oaNTzoslbobXseNPINse, [bs
C 4Y,eMTINESa,12,4XpaNPUDse, 12,8 KsefLATIzesFlb.b604X,
C eEFLATZ=eaF14.6)
HRITEC6o210INSRCoNSRCIMNSEGsSCALE-SIGHA-FTHT-ATTN
210 FORMAT(3X,2NSRC=2e,13,3XsaNSRCIH=e,13,3XseN5EG2s513,
C IX,oSCALE=2oF14623X008IGMAZ0,F 14,9 3Xoaf THT=0sF 1409,
C IXeoATTN=82F14,.9)
HRITEC6,220) IH{ 1), IWL2), TH (T )- NSHPX. NSKPY
220 FORMAT(SX,alH(l)=eollobXealW{2)2e:]304Xe
£ slW(8)zesl3obXoaNGKPYs2a]l3s6Xo2NSKPY=20]3)
HRITE(6.212)BHORN,RBF»BHH-BANHEPOT,APPR
212 FORMATLSXooBHOASeaF3.106XooRBF=0,F3.1obXoeBHH=esF 358X,
C oBANHseoF3.1o6XseEP0TV20rsF3,106XoeAPPR3esf3.1)
HRITE(6,214) GREFX, GREFY
214 FORMATISX.aCOORDINATES OF GRID POINY {1.1) IN HAP UNITSes
€C &« NORTHs #,F12.252 EAST=z 2,F12.2)

DO 15 M=1.NSRCIM
READ CURRENT SOURCE AND IHMAGE CARDS
15 READ(2,110)(S0URCE(N,NIsNslsé)
110 FORMAT{10X.4F10.2)
00 225 M=1,NSRCIH
225 WRITE(6,230)(SOURCEL(H-NI-N=1-4)
230 FORMAT(2X,eSOURCE/IHAGE MAP CODROINATES WNORTHe EAST, o5
€ sLLEVATIONs AMPERESes/o4(2XoF16.561)
IF(NSEG.EQ.0360 YO 231
D0 113 I[=1-NSEG
00 113 HM=1,2
READ WIRE SEGMENT CARDS
READ(2-111) C(CENDP(NeMoTdoN=1o3)o WANP(I))
111 FORMAT(10%,4F10.23
113 WRITEC6-116) ((ENDPINsHoIdoN=1o3)oWAKPLI))
116 FORMAT{2X,eWIRE END POINT MAP CODRDINATES NURTHe EAST, we»
€ eELEVATION, AHPERES#2./eh(2XeF16.6J3)
231 CONTINUE

READ GRID OF ELEVAVION VALUES

111
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e NeReXsl

[aXaXeNs]

112

D0 20 NsioNPL
20 READ(2,100)(ELV(HaN)sHala NPL)
100 FORMAT(12F6.0)

OR CREAYE A MODEL SURFACE BY CALLING SUBROUTINE CSURFS
CALL CSURFS{NPL,ELV-SCALE.SELY)

LR AR LA END READING PARAMETER CARDS LR NN
segaese SCALE CDORDINATES AND ELEVATIONS LR

CALCULATE MEAN ELEVATION
AYG=30,.0
D0 21 Msi.NPL
D0 21 Ns{,NPL
21 AVG=ELVIM-NJ*AVG
AVG=AVG/FLOATINPLaNPL)
SCALE AND CHANGE SIGN OF ELEVAVIONS (Z AXIS IS ¢ DOHNWARD)?
CC = = ATTN/SCALE
DO 22 H=1.NPL
00 22 N=i1.NPL
22 ELV{MoNI=CLeaELV(HoN)

HHEN ELYV AND SELV ARE EOQUIVALENCED SELY SHOULD NOT BE SCALED BY CC
D0 23 Hsi,NPL
D0 23 N=1.NPL

23 SELV(MoNI=2CCeSELVIHaNY

AVO=ATTIN®AYG
HRITEC6-273AYG
27 FORMAT(3X,=AVERAGE ELEVATION IN METERS IS ¢,G614.6)
FLAYZ = = FTHT«FLATZI/SCALE
EFLATZ = = FYHTeEFLATZI/SCALE
DO 17 HM=1,NSRCIM
SOURCELM,1) FTHTe{ SOURCEIM.1)=GREFX 3}/SCALE ¢ 1.0
SOURCE(Ms2) FIHTe{ SOURCE(M»2)=GREFY )/SCALE ¢ 1.0
17 SOURCE(HM, 3) = FIMTeSOURCE(HM,3I/SCALE
DO 227 M=1.NSRCIM
227 HRITE(6,232)(SOURCE(MoNIaN=l,4)
232 FORHAT(2X-sSQURCE/IMAGE CODRDINATES IN GRID UNITS RELAVIVE=s
€ e 70 (0.0 NORTHs EAST. ELEVATIONes/o3(2%XeF14.63)
IFENSEG.E0Q.0)60 70 23%
DO 119 I1=21NSEG
DO 119 NP=1s2
ENDPC1oNP»I)
ENDPL2oNPo 1)
119 ENDP(3IaNP»)
00 124 1=1.NSEG
00 124 M=1,.2
124 WREITE(G.126)(ENDPIN-H-I)sN=1,3)
126 FORMAT(2X.eWIRE END POINT CDORDINATES IN GRID UNITS RELATIVEs,
c e 10 (0-0) NORTHe EAST, ELEVATION®»/0o 3{2XsF14.6))
233 CONTINUE
PRINT AND PLOYT ELEVATIONS
Ai=10H ELV
CALL PRNTALUNPL,ELY.AL)
CALL PLOTAL(ELY-NPL-AL-,DAY)

8w W

FTMTe{ ENDPU1-NP.I13=GREFX J/SCALE ¢ 1.0
FYNTe{ ENDPC2,NPo131=GREFY J/SCALE ¢ 1.0
= FIMTsENDP{3oNP»13/SCALE

L

[

essaees CALCULATE SLOPES 0OF SURFACE ELEWMENTS eseaces

CALL SLOPECNPLAELY-FKXFY)
Al1=210HSURFACE FX

CALL PRNTAL(NPL.FXsAl)
Al=10HSURFACE FY

CALL PRNTAL(NPL,FY,AL)
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eveanss CALCULATE PRIMARY NORMAL COMPONENTS OF soceeees
seenaas ELECTRIC FIELD ON THE SURFACE eseecen

CALL NORMPECNPL-ELVYoSOURCE-PFNs0sFRoFYeSIGHMALNSRCIN)
THE € FIELDS ARE WEIGHTED BY THE AREA OF THE ELENENT.
THE NORMAL £ FIELDS ARE USED AS STARTING VALUES IN THE

eepeene RELAX SURFACE CHARGES ceseeed

CALL RLXARY(NPL-PFN-QsPRVOoELY FXoFVoPRECHG - IH-MTIHED
PRINT AND PLOT SURFACE CHARGE
Ai=10HCHARGE )
CALL PRNTALCNPL,G.A1}
CALL PLOTAL(O.NPL-,A1-DAT)
IF(NPUB.EQ.03G0 70 251
HRITE(8,2500(0CH NI, M1, NPLIoN=1oNPL)
250 FORMAT(BEL0.4)
251 CONTINUE

sessees CALCULATE SURFACE POTENTIAL DUE 70 SURFACLE eesensa

coveeas CHARGES» CURRENTY SOURCES AND INMAGES LA
"CALL POTENTINPLoQoELY. POV, SOURCENSRCINo SIGMAsIW-PBTA)

29

eecsmese ADD POVENTIAL DUE 70O PRIMARY CHARGE ON THE eesesee

LTI ELIT COARSE DUTER HMOODEL GRID epaee

CALL AUXPOTENPL,POT,SIGHMALELVoEFLATZ NToNPIN-SOURCE-NSRCIN-POTO)

DO 130 HsioNPL
DO 130 Nsl.NPL
130 POV (M-NI=POTIH,NI/SCALE
PRINT POTENTIAL
IFCEPOT.EQ-0.0360 TO 35
Al=10HPOTENTIAL
CALL PRNTAL(NPL.POV-AL)
CALL PLOTAL(POT-NPL-AL,DAT)
[F(EPOTNE.2.0260 7O 35
HRITECH, 25000 (POTI(MoN)oHST o NPLIoNB1oNPL)
§5 CuNnTINUE
IF(APPR.EQ-0.0360 YO 386

ecoscae CALCULATE TERRAIN EFFECT APPARENT RESISVIVIVY
eeesees (N OHM=METERS) USING TOTAL MODEL E POTENTIAL.
eseeaes FLAY CARTH GEOMEYRIC FACTORS, STRAIGHY LINE
eezasas DISTANCES, AND REFERENCE ELECTRODE AT INFINITYY.

CALL APRES(NPL-ELV»SOURCE-NSRC-POT.APR,SCALE)
Alsl1OHAPP RESIS
CALL PRNTAL{NPL,APR,AL)
CALL PLOTALCAPRSNPL-A1-DAT7)
IFCAPPR.NEL2.0)G0 7O 38
HRITE(8,250)((APRIMs NI M=o NPLIs N2, NPL)

38 CONMTINUE

saseese CALCULAYE PERCENT ELECYRIC FIELD ANOMALY

CALL EPER(NPL,SOURCE-NSRCo POV, APROEFX-EFYoFLATZ,SIGHA,
Al=10HEX PER ANH

CALL PRNTALINPL,EFX-A1)

CALL PLOVAL(EFX»oNPL,AL-DAT)

Al=10HEY PER ANM

CALL PRANTALUNPL-,EFY-A1)

CALL PLOTAL(EFYsNPL-AL1-DATY)

IF(BHOWeRBF eBUHOBANMEB.0.0)60 7O 65

X

LE-R-X-5-N-X-]
LE-R R-2-K-X-J

LX-2 X-2 % 21
LLEE-R-2 §-K-

CEE-N-% XN

SCALE)D

113
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sensane CALCULATE £ FIELD ON KMODEL SURFACE weshede

CALL TEFLOUNPL POV EXsEY-EZ,FXofF VoEFXEFYaFXYe
C ELV,SOURCE,NSRCIH,SIGHA)
E FIELD DUE TO SURFACE CHARGE IS5 FOUND FROM SLOPES OF POTENTIAL.

€ FIELD DUE 70O SOURCES AND IMAGES IS CALCULATED FROW ANALYTIC FORMULA

veveaee CALCULATE THE MAGNETIC FIELD (MILLIGAMMAS) DUE TD eeeses

saseoce CURRENT FLOW IN THE EARYH BY AN INTEGRATION OVER secsae

EERAR R SURFACE ELECTRIC FIELDS AND TERRAIN SLOPES seesen

CALL BFIELDUNPLOEXoEY EZ,BFLDoSIGMAs SCALESELYeF XoF Yo IHaNSKPX, NSKPY

CsSELY)

ROUTINE BFIELD INVEGRAVES OVER TOVAL € FIELDS ON HAIN HODEL SURFACE

CALL AUXBZUNPL-BFLDoSIGMA» SCALE-SELY. IHoFLATZ-AEXAEY,
€ SOURCENSRCeNSKPXsNSKPY)
ROUTINE AUXB2 AODS EFFECT OF INVTEGRATION OVER € OUVSIDE MOOEL GRID

BY SUBTRACTING AN INTEGRATVION OVER MALF=3SPACE £ FIELDS ON THE HODEL

GRID FROM THE THEDRYICAL HALF=SPACE MAGNETIC FIELDS.
NCTR=sINT(FLOATINPL)Y/2.0) ¢1
CALL HINDOHINCTRoNCTRo IFXe LYo IFYoILYaNPLs2s1H)
NEK=0
. DO 320 I=1FXsILXoNSKPX
320 NK=NKel
AAL1)=10HBYX H/0 ®R
AA(23=10HBY H/70 HR
AAL3)=10HBZ W/0 HR
IF{BHON.EQ.0.0)60 TO 46
DO 45 KK=1,3
CALL PRINTA(BFLDCL1 o1 oK KRIsIF Ko ILXoIFYoIL Yo NSRPXoNSKPY,AACKKY)
IF(BENHoNE.2.03G0 TO 45
HRITE(B-250 3 (BFLD(HoNoKEIo M=IF Xo ILXo NSEPX) o NSIF Yo ILY-NSKPY)
&5 CALL GPLOTIC(BFLDCL-1-KR), NPLoAACREI-DAT, IF Xo ILE-NSKPX,
€ IFYsILYoNSKPY)
Al=10HBHEOW HORIZ
CALL GPLOT3(BFLDC1o1010sBFLDC1s102)0NKoAL1-DAToDATY»
C IFXs ILXoNSKPX- IFYe ILY NSHPY)
46 CONTINUE
NFLAT=1
IF(RBF+BANM-EQ-0-03G0 VO S2

eesease CALCULATE THE HAGNETIC FIELD TERRAIN EFFECY (IE oescece
seesese THE REDUCED FIELD) BY REMOVING THE HALF=SPACE OR eeecase
sseenews NORMAL MAGNETIC FIELD FROM VHE TOTAL FIELD. e@oaass

CALL NORMBOIFX, ILXs NSKPXo IF Vo ILY o NSKPYoSELV-BFLD»SDURCE,
€ NSRCoSCALEs~=1.0eNFLAT-FLATZ)
AAU1)=10HBX REDUCED
AA(2)=10HBY REDUCED
AA(3)=10HBZ REDUCED
IF(RBF .EQ0.0,0)60 10O 57
Al=10HB HORIZ
CALL GPLOTI(BFLDCT-121)oBFLDC1,1-2)oNK-A41,0AT7,0417Y,
C IFXsILX>NSEPX» [FYoILY»NSKPY)
DO S0 KK=1,3
CALL PRINTA(BFLODC1o 1o K)o IF X o ILXo IF Vo ILY o NSKPXaNSKPYoAACKKD)D
CALL GPLOTI(BFLDCUL,1oKK)o NPLoAACKK ) DAT-IF X, ILXsNSKPY,
€ IFYo ILYSNSKPY)
IF(RBF.NE.2)GD 7O 50
HRITE(B-250 ) (BFLD(MeNoKKIo M=1F Xo TLXo NSKPX o N=IF Yo ILVo HSHPY)
50 CONTINUE
57 IF(BANM.EQ.8.03G60 0O S6

esesesse CALCULAYE PERCENY B FIELD ANOMALY NORMALIZED oeecseoes
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£ sewewes BY VOTAL NORMAL (HALF=SPACE) FIELD MAGNIVTUDES seeesce

CALL BANOHTCIFXs ILXo NSHPH IF Yo ILY o NSHPYoSELV-BFLD- SOURCE.
€ NSRC-5CALE-1.0)
AAL1)=10HRX PER AMT
AA{Z2)=10HBY PER AMT
AAC3)=10HBZ PER AWY
D0 310 KK=1.3 .
CALL PRINVA(BFLDCI-1oRKE)s IFXo ILX o IF Vo LYo NSKPHoNSKPY,AACKK))
310 CALL GPLOTI(BFLDC1»1oRRI-NPLoAACKRIoDAT. IF %o ILXs NSKPXo
C IFYo ILYoNSKPY}
C CONVERY PER AND® NORMALIZED BY VTOTAL BACK 70 REDUCED B FIELD.
CALL DBANDMTCIFXs ILXo NSKPXo IF Vo ILVoNSKPY, SFLVY-BFLD SOURLE »
C NSRCsSCALE.,=1.0)
56 CONTINUE
C ADD BACK NORMAL B FIELD
CALL NOURMBCIFX» JLXo NSKPXoIF Yo ILY» NSKPY-SELY,BFLD-SOURCE-NSRC,»
C SCALE-1.0aNFLAT,FLATZ)
52 CONTINUE

IF{BHKW.ER.0.0)60 YO 65
IF(NSEG.EB.00G0 7O 65

€ eseoaee ADD MAGNETIC FIELD DUE TO CURRENT FLOW IN WIRES sewscas
c eeesvon VO MAGNETIC FIELD ODUE CURRENT FLOW [N THE EARTH eveeesea

CALL BHIRECNPLoSELV-BFLD-ENDPoNSEG, SCALE s NSKPXs NSKPYsIHs WANP)
AAC1)=10HBX TOTAL

AA(2)=10HBY TOTAL

AA(33=10HBZ TOTAL

Al=10HB T KORIZ

CALL GPLOT3(BFLD(i,1013-8FLDC1,002)0KRoALsDAT-DATY-IFXoILXe
€ NSEPX,IFY:ILY,NSKPY)

DO 55 KK=1,3

CALL PRINTA(BFLDC1-1oKR)oIF o ILXs IF Vo ILYo NSKPXo NSHKPY-AACKK D)
IF{BHR-NE.2.0360 7O 55
HRITECB:2503((BFLOC Mo NoKK) s M= IF Xo ILXNSKPX o N=IF Yo ILY-» NSKPY)

55 CALL GPLOTI(BFLOCL-1oRRIoNPLoAACRKK)e DAT, IF Xo IL X0 ASKPXs»
C IFY-ILYNSKPY)

C PLOTING COMPLETE. CALL LBL BERKELEY PLOTTYING EXIV.
65 CALL EXITGLD)
sToP
END

SUBROUTINE CSURFSINPLAELVeSCALESSELY)
€ CREATES A SMOOTH 2-0 TERRAIN FEATURE
£ THIS ROUTINE USED YO CREATE THESIS MODEL R=SA20
DIMENSION ELVE41ob13oSELVE4001)
SIGN==1,0
€ SIGN==1.0 FOR HILLS » SIGN=1.0 FOR VALLEYS
DEG=20.0
C DEG 15 SLOPE DF TERRAIN FEATURE IN DEGREES
Al=4.686117
A224.640621
4324,569633
A455.459553
AS=0.36397023
A620.181985
B120.045495
8220.0909925
B3=0.181985
B420,36397023
B520.181985

115
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B6=20.0909925

Pi=3.1415927
C1=50.0/FLOATINPL=1)
ANG1=P1e20.0/180.0
ANG2=P[eDEG/180.0
C2=C1eTANCANGI)/TANTANG2)

€ €1 IS HORIZONTAL SCALE, C2 IS5 VERTICAL SCALE

& £ £

CHNTRX=FLOATCINTCFLOATINPL)/Z2,00¢1)
D0 &40 M=ieoNPL

K= ABS(FLOAT(HI-CNTRX)=C1
Z=A1-B1aX
IFEXo6To1.032242=B26(K~1.0)
IF(X.GT7.2.0)22A3=B3e{¥=2,0)
IF(XoBTo3:,03Z2A4BbeX
IF{XalGTal4.0)22A5-852(X=14.0)
IF{Xe67015,0)25A6=D6e(X=15.0)
IFEXoGT016.03220,0
Z=51GNsSCALE=2/C2

Y IS STRIKE DIRECTION FOR 2=D RWODELS

&40

D0 40 N=leNPL
ELV(HsNI=Z
RETURN

END

SUBROUTINE NORHMPE(NPL-ELVeSOURCEPFNeQoFXoFYoSIGHANSRCIND

CALCULATES PRIMARY NORMAL ELECTRIC FIELD DUE TO SDURCES

AND

IMAGES AND INITALIZES OCMsN) TO PFN(MsN)}

@ AND PFN ARE SCALED 8Y TRUE SURFACE ARCA OF EACH ELEMENT
JRUE AREA IS A FCN OF Z COMPONENT OF SURFACE NORMAL VECTDR

CONs

i0

DIMENSION ELY(&1,413,PFNCL15613,0001061)eFXC41,461)eFV(61048)
DIMENSION SOURCE(10,4)
1.0/762P1e5]GNMA
CON=1.0/(12.9663706251G6MA)
00 10 M=1.NPL

D0 10 Ns1,NPL

EEX=s0.0

EEY=0.0

EEZ=0.0

DO 5 1=1-NSRCIH
PX=SOURCE(1-1)
PY=SOURCE(I.2)
PZ=SO0URCE(TI-3)
AHP=SOURCE(I.4)
DX=FLOAT(H)=PX
OY=FLOATIN)=PY
DZ=ELV{H-N)=PZ
R1=250RT(DXaXeDVeDYeDZe0Z)
IFCR1.67.0.05360 70 3
Ri=1.0

AMP=0.0
CR3Z2=2=-AMP«CON/{R1sRIaR1)
EEX=0XeCR32¢EEX
EEY=0YeCR32ELY
EEZ=0ZeCR3I2¢EEZ
PEN(Mot)s=EEXeF XCHoNI=EEYF Y(HN)SEEZ
QCH NI=PFN{Y-N)

RETURN

END

SUBROUTINE RLXARY(NPL-PFNoQoPRYVQsELYVeFXoFYePRECHG, IH-HTINE 3

C ROUTINE FOR RELAXING SURFACE CHARGE ARRAY QCH,N)

DIMENSION PFN{L1o41)00QC43ob1),PRVOCL1IL61D,ELYCS1041)
DIMENSION FX{blob1)oFVCbisbl)
DIMENSION IW(4)
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P1226.2851853
ITu=iW(1)
NOI=0
5  IF(NOI.GE.MTIME) RETURN
NOT=NOTe1
€ SAVE CHARGE FROM LAST IVYERATION
DO 10 M=1,NPL
DO 10 N=1,NPL
10 PRYOCHMoNIZQ(MaN)
DO 20 M=1,NPL
IFX=Mu=11H
IFCIFN.LT.1) IFX=1
ILX=MelTH
IFCILX.GT.NPLY ILX=NPL
DO 20 N=1,NPL
HOT=ELVI(MsN)
IFY=sN=11H
IFCIFY.LT.1) IFY=)
ILY=NelTH
IFCILY.GTNPLY ILY=nPL
EEX=0.0
EEY=0.0
EEZ2060
DO 15 I=I1FX»ILX
IR=H=1
DX=FLOATCIN)
IXX=1XsIX
DO 15 J=IFY.ILY
IYaN=J
D2=HGT=ELV(1,J)
R3=SORT(FLOATCINXe Y=Y )+DZaDZ)
RiI=R3sR3aR3
IF(R3.L7T..00000013 60 TO 15
€ SKIP SINGULARITY
OR3=0(1,J)/RS
EEX=EEX4DX=ORS
EEY=ErY+FLOATCIV)#0QRS
£L2=CEZ=DZs0R3
15 CONTINUE
20 OCMoNISPFN(MoN) ¢ (FX(Ho NInEEXSFY(HoNIaEEYSEEZIIP T2
CALL CHANGE(PRVG.0oNOIsNPL)
50 0 S
END

SUBROUTINE CHANGE(PRYQ-0,NOI-NPL)
C FINDS ABSOLUTE VALUE OF TOTAL CHARGE AND ABSOLUTE OF CHANGE IN
C CHARGE AFTER EACH ITERATION.
DIMENSIUN 0C&1-,431),PRYOCET-41)
ABG=0,0
ABOP=0.0
00 10 H=1.NPL
DO 10 Ns1.NPL
ABR=ABO*ABSLOIH-NI)
10 ADOP=AQOQP¢ABS{Q(H-NI=PRYACH-NI)
IF(NDI.EQ-1IWRITEL6,20)
20 FORMAT(IH1-SXe»ITERATION NO. ABSOLUTE CHARGE 7TYDOTAL @p
C 2ABSOLUTE CHANGE IN CHARGEe)
HRITECG,100INOL-ABOABGP
100 FORMATI13X012,12X2615.9012X0615:9)
RETURN
END

SUBROUTINE WINDOWCHoNo IFX- ILEIFYoILY-NPLoK-1H)
C SEVS INTEGRAVION WINDOW SIZE

DIMONSION W4

IFX=r=1W{K)
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ILX=sHeJHIR)
IFY=sN=IW(K)
ILY=NelW{K)
IFCIFN.LTal) IFX=1
IFCILXGT.NPLY [LX=NPL
IFCIFYoLTo1) IFYs=
IFCILY.GTVNPLY ILY=NPL
RETURN

END

SUBROUTINE POTENTINPLoBoELY-POTe SOURCE-NSRCIMsSIGMA-IH-POTO)
CALCULATES POTENTIAL FROM SURFACE CHARGESe. CURRENT SOURCES
AND IHAGES.

POYT IS VTOTAL POTENTIAL, POYE IS POYENTIAL DUE TO SURFACE CHARGE
DIMENSION 0C41-61)ePOTQC41o412ELV(430468)oP0TE4Y41)
DIMENSION IW{&)o SOQOURCEC(1054)
CON1=1,0/€12.5663706sS1GMHA)
CON2=0,15915496

CONZ2=s1/(2P1)

ISEERTTES

DO 40 M=1,NPL

IFX=M=11H

fLXsMel 1

IF(IFAaLTold IFX=1

IFCILY.GT.NPLY TLX=NPL

KM=FLOAT(M)

D0 40 N=1eNPL
SET INTVEGRATION WINDOW SIZE

IFYsN=11¥W

ILY=NeIIW

IFCIFYaLTo1) IFY=1

IFCILY.GT.NPL)Y ILY=NPL

HGT=ELV(MsN)

YN=FLOAT{N}

POTL=20.0

D0 20 I=sIFXeILX

IXsH=] -

IXX=[XelX

00 20 J4=1FYsILY

IYzN=J

DZ=HGT=ELV(I,J)}

R=SORV(FLOAT(IXXeIVelY)}eDZa0Z)

IF(R.67.2.99)G0 70 13

IF{R.GT-1.80360 70 15

IF(R.GT-1.103G0 70 17

IF{(R.GT.0,30)60 Y0 19
FOR SINGULARIYY

POTL=POTL0C1sJ)e3:,52549

GG 10 20
NEXT FOR DIAGONAL SURFACE ELEMENTS

17 POTL=POTL¢0(1-,J)21,0249/R

60 10 20

NEXT FOR ADJACENT ELEMENTS
19 POTL=POTL*Q{1-J)21.03808/R

G0 70 20

FOR NEXT DISTANY RING OF ELEMENTS
15 POTL=POTL40(I»J)e1.010/R

60 70 20

MEXT FOR DISTANY ELEMENTS
13 POTL=POTL+Q(IsJ)/R
20 CONTINUE

CALCULATE POTENTIAL DUE YD SOURCES AND IMAGES
PPO7=20.0
00 S I=1.NSRCIM
PX=SOURCECI-13
PY=sSOURCEC(I»2)
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P2Z=SOURCE(I, 3}
AMP=SOURCE(Is4)
DAsXM=PX
DYsYN=PY
DZ=HGCY=PZ
5 PPOT=PPOT¢ANP/(SORT(DXeDXeDYeDYeDZe023¢1.0E=20)
POTO(MeNI=2POTLsCONZ
40 POT(M,NI=POTLsCONZ+PPOTsCONT
RETURN
£END

SUBROUTINE AUXPOTC(NPL,POT-SIGHA-ELVY-FLATZoNT,NPINs SOURCE,
€ NSRCIM.POTQ)

ADDS POTENVIAL DUE V0O CHARGES ON THE COARSE UUTYER MWODEL GRID
DIMENSION ELVI41,410,SOURCEC10,63oX(35)oY(35),AE2(35-35)
DIMENSION POTL41,4613,P07QC41241)

NT IS LENGTH OF OUTER GRID

NPIN IS NO. 0OF POINTS INSIDE INNER GRID

(NT=NPIN} MUST BE AN EVEN NO.

50 15 PODINY SPACING ON OUTYER GRID
SO=FLOAT(NPLI/FLOATC(NPIN)

NNN=NT=NPIN
K{1)50.5=(FLOATVCNNND/2.0 =0.5)85D
Y(1)=0.5=(FLOATCNNN} /200 =005)SD
DO 30 [=2»NT
XCII=UCIIFLOATLI=1)=5D

30 Y(I¥=sY(1)+FLOATCI=13e50

THE AREA OF EACH ELEMEMT IS AE
AE=5De5D

NOW CALCULATE ELECTRIC FIELD ON OUTER GRID

DUE 70 CURRENT SOURCES AND IMAGES.
CON1=1.0/(4,003.146159265251GMA)
CON251.0/(2.003.14159265)

DO 10 HM={sNT
DO 10 N=1,NT
EEZ=0.0
DO 15 I=1.NSRCIH
PX=X{M)=S0URCE(I-1)
PY=YC(N)=SOURCE(L,2)
PZ=FLATZ=SOURCE(I-3)
AMP=SOURCE(Is4)
CR21.0/S0RT(PXaPXePYaPYePZoPL)
CRA==CReCReCR«AMP=CONI

15 EEZ=EEZ+¢PI=CRA

HEIGHT BY AREA AC

10 AEZ(H-NI=EEZeAL

NEXT SET £ FIELDS IN CENTRAL SECYION OF GRID 7O ZERD

THE FIRSY POINT INSIDE INNER GRID IS (HeNJ) WHERE

Ha3N=(NNN/2 ¢1)

NF sNNN/Z2 +1
NL =NF ¢NP IN=1
00 60 I=NFoNL
D0 60 J=NF.NL
60 AEZCI.J)=0.0

NEXY CALCULATE POTENTIAL FIELD DUE 70 £ FIELD ON DUTER GRID.
B0 40 H=1-NPL
FHsFLOAT(HS
00 &0 N=1.NPL
PP=s0.0
FNsFLOATIND
PL=ELVYV(MsNI=FLATZ
PZI=PLaP?

DO 20 I=sioNT
PYX=FM=X(])
PXXsPXePX
00 20 JsieNT
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PYasFN=Y{J)
R=SQRTI(PXXePYePVePZZ)
IF(R.LE.0.0013G0 7O 20
PP=PP+AEZ(I-JI/R
20 CONYINUE
POTOG(M-N)I=POTO(MsN)oPPaCONE
40 POTUM-N)SPOT(HMeN)¢PPeCON2
RE TURN
END

SUBROUTINE APRES(NPL,ELVs SOURCE-NSRC-POT-APR,SCALE)
CALCULATES TERRAIN EFFECT APPARENT RESISTIVIYY (IN OHM=HETERS?
USING TOTAL € POYENTIALY FLAT EARTH GEOMETRIC FACTORS, STRAIGHT
LINE DISTANCES» AND A REFERENCE ELECTRODE AT INFINITY.

DIMENSION ELVC41241)oPOTC610o6130APRCALLLL)

DIMENSION SOURCE(1004)

CON=6,28318531e5CALE

DO 20 M=1.NPL

SA=FLOAT(H)

D0 20 N=1.NPL

GMF=0.0

SY=FLOAT(N)

SZ=ELVIM:N)

D0 10 RR=1.NSRC

DX=8X=SOURCE(KK», 1)

DY=5Y=S0URCE(KK,2)

DZ7257=SOURCECRKR, 33

AMNP=50URCE(KK.4)

10 GHF =GHFeAMP/(SQRT(DX=DXeDYaDVeDZeDZ)¢1,0E=20)
20 APR{MoNI=2CONePOT (Mo NI/GHF
MOTE SCALE FACTORS IN POV AND GMF CANCEL
RETURN
END

SUBROUTINE TEFLDU(NPL-POTO-EXsEYoEZoF HoF Vo EF X EF VoF XY

€ ELV,SOURCE,NSRCIH, SIGHA)
CALCULATES £ FIELD TANGENTIAL 7O SURFACE FROM POTENTIAL DISTRIBUTION
ON SURFACE. USES SLOPE ROUTINE ON POTENTIALS DUE TO CHARGE DISTe..
£ FIELD DUE TO SOURCES AND IMAGES IS COMPUTED FROM ANALYTIC FORH.

DIMENSION FXC61o410sFVC461541)oPOTOC61o613oEF XTE1obi)eEFVL41s61)

DIMENSION EX(41041)0EVCb1:61)oE2(41551)

DIMENSION FXYC4106100ELV(41541)o50URCE(L10043
CON=21.0/6aP1aSIGHA

CON=21.0/(12,5663706251GMAY

CALL SLOPE(NPL.POTO-EFX-EFY)

00 50 M=s1-NPL

00 506 Nsil.NPL

EEX=0.0

EEY=0.0

EEZ=0.0

DO 5 I=s1-NSRCIN

PX=SOURCE(I-1)

PY=SOURCE(I-2)

PZsSODURCEC(I,3)

AMP=SOURCE(I,5%)

DXsFLOAT(H)I=PX

DY=FLOAT(N)=PY

DZ=ELVIHN)=PZ

Ri=SORTI{DXeDXeDYeDVeDZaDT)

IFCR1.67.0.05)G60 70 3
TREAT SOURCE AS THOUGH 17 WERE ON SURFACE IF Rl <€ 0,05 o

Ri=si.0

ANP=0.0

3 CR32=AHPeCON/{RiI=R12R1)
EEX=DXsCR3I2¢ELEX
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EEY=DYeCR32¢ELY
EEZ=DZ+CR32¢ELEZ
FAX=FX(MsN)
C131.0/701.0¢FALafFXX)
FYY=FY{MaN)I
£251.0/01.0¢FYYeFVY)
EEFX=CFX{HN)
EEFY=EFY{MsN)
EX(HeN)}==EEFXeClelEX
EY{MoN)==EEFYeaL2¢EEY
EZ(MeN)s=EEFXeClafXX=EEFYoC2eFYVeEEZ
REYURN

ENO

SUBROUTINE BF IELDCNPLsEXSEYsEZoBF LD, SIGHA»SCALEsELYoF XefF Yolle
€ NSKPX NSRPY»SELV)

€ CALCULATES MAGNETIC FIELD ON SURFACE FROM SURFACE ELECTRIC FIELOS
C AND SURFACE SLOPES. INTEGRATES ONLY DVER MAIN MODEL GRID.
C BFLD IS IN MILLIGAHHAS,

C FOR

€ NEX
17

DIMENSION ELYV(61541 )oFXChlobldpFVl41ob1)oBFLOLS1-4153)
DIHENSION EXC41041)0EYC41061),E2041,41)
DIMENSION IWC&4)s SELVC(41r&l)
CON3={1,0E=73e(1.0E6123)aSIGHA/SCALE
NCTRsSINT(FLOAT(NPLI/2.0) #1

CALL HINDOW{NCTRoNCTYRs IFXo ILXo IF Vo ILYoNPLs2oIH)
DO 40 M=I1FXoILX»NSKPX

DO 40 N=IFYsILYs NSKPY

HET=SELVI{MsN)

BX=0.0

BY=0.0

82=20.0

DO 20 I=1,NPL

ISET LS

[X%=1XelX

DD 20 J=ieNPL

IYsN=J )
DZ=HGT=ELV(1sd)

EEX=EX(I,Jd)

EEY=EYCI-J)

EEZ=C7C1oJd}

FFX=FX(1sd)

FEY=FY(1oJ)
R=SORTCFLOATCIXXeIYelY)eDZeDZ)
IF(R.6T.2.99)G60 10 13

IF(R-6T.1.80) GD 7O 15

IF{N.6Y.2.10) 60 70 17

IFIR.GT.0.3 ) GO 7O 19

SINGULARITY
BX=BX=(CEY+EEZeFFY)e3,.525690
BY=BY¢(EEZeFFN+EENY03.525494

BZ=BZ e EEXeFFY=CEYaFFX)23,52549%

60 Y0 20
T FOR DIAGONAL SURFACE ELEMENTS
CR=1.02487760/R

BXsBX=(FEY¢EEZeFFY)eCR
BY=sBYe(EEZeFFXeLEXYaCR
BZ=Bl+(EEXeFFY=EEYaFFX)eCR

60 70 20

C NEXT FOR ADJACENT ELEMENTS

i9

CR=1.03805/R
BY=BX=(CEVeEEZaFFY)eCR
BYsBYe(EEZeFFXeEEX )R
BZsBJ+(LEXeFFY=LEYeFFX)eCR
GO 10 20

€ NEXT FOR NEXY RING OF ELEHENTS

i5

CR=1.010/R
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B =BX=CEEVeEEZeFFY)alR
BY=AYe(EEZeFFXeEEX)=LR
BZ=Bl+(LEXaFFY=LEYeFFXJaCR
60 10 20
C NEXYT FOR DISTANT ELEMENTS

13 CR=1.00/R
BX=0X=({EEVeEEIsFFY)alR
BY=BVe(EE2eFFXeEEN)eCR
BI=0Z2¢(EERaFFY=LEYeFFX)eCR

20 CONTINUE
BFLD(M»N,1)=2BXeCON3
BFLD(MNo2)=BYeCON3

&0 BFLDIM.N»3)2B2CON3
RETURN
END

SUBROUTINE BHIRE(NPL-SELY-BFLD-ENDP-NSEG.SCALE» NSKPX»
C NSKPY» IWoWAMP)
ROUTINE CALCULATES MAGNETIC FIELD RESPONSE IN HWILLIGAHWHHAS
DUE TO A NUMBER OF STRAIGHYT HIRE SEGHENTS CARRYING WAMP AHPERES.
NSEG 15 NUO. OF SEGHENTS
ENDP ARE THE CDORDS OF THE END POINTS 0OF THE HWIRE 5553@%?5
CURRENT FLUMS FROM ENDPC(Ko1o1) TO ENDPIK»2,1)
0BS ARE THE COORDS OF THE MAGNETIC FICLD DBSERVATION Pﬁ!%f
DIMENSION SELVE61o4613,8FLDC41o61,3)oHAMPCLO) U3, IHLG)
DIMENSION ENDP(3:2-400-08B8(3):P10€33oP12(33P20(3)
cecee CONG 1§ MU/ZLPI s1,0E412
CONG=1,.0E+S
CONS=CONL/SCALE
NCYRsINT(FLOAT(NPLY/2,0) ¢i
CALL WINDOWINCTR NCTRsIFX-ILX-IFYoILYoNPLe2,]H)
DO 40 M=3IFXeILX»NSKPX
0851 I=FLOAT(H)
DO 60 N=sIFY,ILYeNSKPY
08S{2)=FLOATIN)
0BS(3)=SELVIN-N)
DO 40 [=1,NSEG
DO 10 K=1,3
PIO(KYI=ENDOP(K-1,12=0BS(K)
PI2(KI=ENOP(Ko1» I I=ENDPL(K 2,12
10 P20(K)=CNOP{RK»20])=0B5C(K)
R1=SOQRT{P10(130e2:P10(2)2e2sP10(3)se2) ¢ {.,0E=40
RP12=50RT(P12(1)2e2¢P12(2)202¢P12(3)ea2})
R2=SQRT(P20(13222¢P20(2)222¢P20(3)ea2) + 1.,0E=40
COSP1=({P1OC1)ePi2(1)¢P10C2)sP12(23¢P10L3)eP12(3 )

C 7(R1eRP12)
COSP2=2(P20(13eP12(13¢P20(2)eP12(2)+P20C(3)aP12L{3)3/{R2=RP12)
SINPLI=SORT(1.0 = COSP1es2)

SINP2=50RT(1.0=C0OSP2+«CUSP2)

€C SELECT MOST ACCURATE ESTIMAYE DF RR
RR=R1eSINPL
TF(SINPILT.SINP2IRR=R2eSINP2

C PREVENT DIVISION BY ZERGD
CC=C0SP1=CO5P2

C If DOBSERVATION POINT 1S VERY NEAR THE AXIS OF VTHE WIRE. SEVT B 78 O
IFESINPLeSINP2.LT.1.06=63CC=0.0
Ul13=P12(23eP10(3)=P1203)eP10(2}
U23=P12033eP10C01)=P12(1)eP10(3}
UL3)=P12(1)eP10(2)=P12(2YeP10(1)
UH=SORTC Ulilea2ey(2)ea2ey(3)an?2 )
IFCUM.EQ.Q,0)UMs1,0E=40
ABSB=WAMP(I)eCONSaLL/RR
DO 40 J=163%

60 BFLD(MeN-J)=ABSB2UCJ)/UNSBFLDCHNeJ)

RETURN
END
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SUBROUTINE AUXB2(NPL-BFLDoSIGHA»SCALE-SELY-IH-FLATZoAEX.AEY,
€ SUURCE-NSRCoNSKPXe NSKPY)
ADDS EFFECT OF INTEGRATION OF OVER E FIELD OUTSIDE HAIN HODEL
GRID BY SUBTRACTING AN INTEGRAYION OVER HALF=53PACE E FIELDS
ON THE MODEL GRID FROM THE THEQRTICAL HALF=-SPACE MAGNETIC FIELDS.
ARRAY BFLD IS IN MILLIGAMMAS.
DIMENSION SELV(&1,413-BFLDCA1-410300 104D
DIMENSION SOURCE{10-4)
DIMENSION AEXC41,61),AEY(41s81)
€ NOW CALCULATE ELECTRIC FIELD ON GRID
C DUE 7D CURRENT SOURCES o
CONI=1.0/(2:003.146159265e5IGHAD
00 10 M=le.NPL
FHsFLOAT(MY
00 10 N=31,NPL
EEX=0.0
EEY=0,0
FN=sFLOATOND
DO 5 1=1sNSRC
PX=FH¥=SOURCELI-1)
PYaFly=50URCECL-2)
PZsFLATZ=SOURCEC]»3)
AMP=S0URCEC( T4
R123QRT{(PXepPXePYePYePZePZ)
IF(R1.GT.0.05360 70 3
€ TREAT SCURCE AS THOUGH IT WERE ON THE SURFACE [F RiI < 8.05 o
C AND E FIFLD DUE TO SOURCE IS5 SEY 7O ZERD AT SOURCE POINT.
Ri=1.0
AMP=0,0
3 CRASAMP2CON1/CRIsREaRY)
EEX=EEX+PXaCRA
5 EEY=EEYePYaCRA
AEXTHMNISEEX
10 AEY(M.NISEEY
CON3=(1.0E=7)2(1.0E4123«SIGHA/SCALE
NCTR=INT(FLOATI(NPL)}/2.0) @1
CALL WINDOWINCTRANCTRs IFXe ILXo IFYoILYoNPLo2s1H)
DO 40 M=IFX,ILXe NSKPX
00 40 N=IFY,ILY,NSKPY
HGT=SELVIKoN)
BX30.0
Jv=0.0
00 20 IsieNPL
IXaM=]
[XX=1XealX
DD 20 J=s1l.WPL
[v=N=J
R=SORTCFLOATCIXXeIYe1Y))
IFIR.6T.2.99)60 70O 13
IF(R.GT-1.80) GO YD 15
[FIR.GT-1,10) GO 70 17
IF(R.6T.0.3 ) GO Y0 19
€ FOR SINGULARITYY
BE=BY=AEY(1,J)23.52549%
BY=BYeAEN(I»J)e3.5254694
60 10 20
C NEXT FOR DIAGONAL SURFACE ELEMENTS
17 CR=1.02487760/R
BX=BX=AEY(1-J)sCR
BY=AYeALX(I-J)aCR
G0 70 20
C MEXT FOR ADJACENY ELEMENTS
19 CR=1.03805/R
RX=DX=AEY(1-J}=CR

€3 3y
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BY=aRYeAEX(IsJ)eCR
GO YD 20
NEXT FOR NEXT RING OF ELEMENTS
15 CR=1.010/R
BA=BX=ACY([»J)eLR
BY=BY¢AEX(I»J)=CR
60 70 20
NEXT FOR DISTANT ELEMENTS
13 CR=1.00/R
BX=B8X-AEY{I»J3=2CR
BY=BY¢AEX(IoJ)eCR
20 CONTINUE
BFLD(MoNe 13)3BFLD{HsNs13=BXeCONS
60 BFLD(MoNo2)=BFLD(HeNe2)=BYaCONS
CALL NORMBUIFXe ILXoNSKPXoIFYo [LY o NSKPY.SELY-BFLDSOURCE
€ NSRCeSCALE1.,001sFLATZ)
RCTURN
END

SUBROUTINE NORMBCIFXs ILXo NSKPXoEF Yo ILYoNSKPYoSELYeBFLD»
€ SDURCE,NSRC,SCALESSIGN.NFLAT-FLATZ)
REMOVES DR ADDS eN(UORHMALe MAGNETIC FIELD
THE oNORMALe FIELO IS THAT DUE TO A SENI=INFINITE YERTICAL
WIRE BEGINNING AT THE CURRENT SOURCE
SIGN ==1.0 CAUSES SUBTRACTION OF FIELDs 1.0 FOR ABOITION
NFLAT=1 CAUSES ELEVATION ARRAY SELV YO BE IGNORED AND THE
VALUE FLATZ IS USED FOR DBSERVATION ELEVATION,
ARRAY BFLD MAGNETIC FIELD IN MILLIGAMMAS.
DIMENSION BFLOCL1,61,3)05ELYC41041)eSOURCEC1004)
CON3=21,0E=7a1,0L+12/SCALE
DO 10 HMsIFX,ILXs NSKPX
FH=FLOAT (M)
DO 16 N=IFYeILYsNSKPY
FNSFLOATON)
D0 10 I=1.NSRC
PX2FH=SOURCELT,1)
PY=FNeSOURCECT»2)
PZ=SLLV(HsN)=SOURCE(1r3)
IF(NFLAT.EQ.1IPZ=FLATZ=SOURCECT,3)
AMP=SOURCE(T,4)
PAPY=PXePXe+PYoPY
R1=SORT(PXPYePZaPZ)
IF(PXPY.E0.0.0)60 10 2
IFCR1.6T.0.05)60 70 3
2 Ri=1.0
PXPY=1.0
AMP=0.0
3 CR=1.0/R1
£8=S1GNaAMPaCON3e(1,00P2sCRI/PXPY
BFLO(HMoN-1)=BFLDCHoNo1)=PYeCB
10 BFLD(MoN»2)=UFLD(MHsNs2)ePX»(B
RETURN
END

SUBROUVINE BANOMCIFXe ILXeNSKPX- IFYo ILYo NSKPY-SELV-BFLD.

C SOURCE-NSRC,SCALE-FORWRD)
THIS RUUTINE CALCULATES PERCENT MMR ANOMALY FOR ONE DR THO
ELECTRODES. IF YWD ELECTYRODES ARE USED THE LINE CONNELCTING
THEM MUST BE PARALLEL TO THE Y AXIS.
THE INPUT PARAMETER BFLD MUST BE THE ANOMALOUS(IE REDUCEDIB FIELD.
IF THE PARAMETER FORWRD = 1.0 THE ROUTINE FUNCTIONS AS DESCRIBED
ABOVE, IF FORWRO ==1.0 THE ROUTINE WILL PERFORH THE REVERSE
OPERATION ON BFLD CONVERTING 17 FROM PERCENT MHR ANOMALLY TO REDUCED
8 FIELD.
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DIMENSION 8FLDC4 15410395 5ELY (4106135 SOURCE(10,4)
CON3=1,0E=7ei.0E¢12/STALE
00 10 NsIFYs ILY» NSKPY
FN=FLOAT(N)
BXREF=0,0
D0 5 IIs1.NSRC
PY=FN=SOURCECIL,2)
PX=s0,0
AMPsSOURCECII,4)
R2sPXaPiePYePY
IF{R2.67.0.0025360 70 3
R2=1.0
AMP=0.0

3 CB=AMPsCON3/R2

5 BXREF=BXREF=-PYeCB

€ NEXT CARD FOR CONTROL OF DVNAMIC RANGE OF PLOTS
IFCABS(BYREF JoLE. 1. 0E=15)BXREF=1.0E45%0
D0 10 MslFXsILXo NSKPX
00 10 I=1,3
IFCFORHRD.EQa~103BFLOCHoNe I 3=BXREFeBFLDCMoNoL3/7100,0
10 IF(FORWRD.EQo 1.0)BFLDCHeNsI1)=100.028FLD{MsN»I)/7BXREF

RETURN
£ND

SUBROUTINE BANOMTCIF to ILX o NSRPXo IF Vo ILYoNSKPY-SELY-BFLD,
€ SOURCE-NSRC»SCALE-FORWRD)

C CALCULATES PERCENT ANOMALY NORMALIZED BY YOTAL FIELD

C IF FORWRD=1.0 ROUTINE FUNCYIONS AS DESCRIBED ABOVE.

C IF FORHAD==1,0 ROUTINE WILL PERFORM THE REVERSE OPERATION
DIHENSION BFLDCL1,46153)-5ELV(41,:461)-SO0URCEC1054)
CON3=C1.0E=7)e(1.0E¢12)/SCALE
00 10 M=IFX,ILXo NSKPX
Fr=FLOAT(H)

DO 10 N=IFYoILYs NSKPY
FNsFLOAT(N)
BX=0,0
BY=0,0
00 5 1I=1sNSRC
PX=FM=-SOURCECI]-1)
PY=F N=SOQURCE( 1123

9 AMP=SOURCELI1,4)
R2=PXePXePYePY
IF{R2.67.0.0025360 70 3
RZ2=1.,0
AMP=30.0

3 CB=AMPsCON3/R2
BX=BX~PYe(B

5 BY=BY+PYe(B
BT=SORY(BXeBX#BYsBY)

C NEXYT CARO FOR CONTROL OF DYNAMIC RANGE OF PLODTS
IF(BTLE-1.0E=15)8T=1.0E240
00 10 I=1-3
IF(FDRURDEN.=10)BFLO(H-N-1)=BTeBFLD(M-N-12/100.0

10 IF(FORWRD.EQe 1.0)IBFLDCMoNoI}=100.08BFLO(HoNoI)/BY
RETURN
END

SUBROUTINE EPER(NPL-SOURCE-NSRC-POToAPRIEFXEFYFLAVZ SIGHAS
€ SCALE)

C COMPUYES PERCENT E FIELD (POVENVIAL DIFFERENCE ) NORMALIZED

C AY TOTAL E FIELD.
DIMENSION POTC4Lo41) e APRILLI41) EFRTL1081)pEFTYEL1541)
DIMENSIUN SOURCE(C10,4)

C NEXT 14 LINES COMPUTE THEORETICAL POVENYIAL IN ARRAY APR.
CON=1,0/(6.28318531eSIGHMAeSCALED
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00 20 M=1-NPL

SX=FLOAT(HM)

00 20 N=1,NPL

GHE=0.0

SY=FLOATIN}

SZsFLATZ

D0 10 KK=1oMSRC

DX=$X=50URCL(KK»1)

DY=SY=SO0URCE(RK,2)

02Z=32=SO0URCE(KK,3)

AMP=SOURCE(KK-4)
10 GMF=0GMFeAMPZ{SQRT(DXeDX+DVeDYs0ZeD2)e1,0E=50)
20 APR{MsN}I=CONe GHF

D0 40 H=ioNPL

MisMel

IFIM.EQaNPLINI=NPL

DU 40 N=1eNPL

N3sNel

IFINEQ-NPLINI=NPL

EX=APR(MI-NI=APRIMsN)

EYsAPRIM-N3II=APR{MHoN])

ET=SQRT(EN«EXeEYalY)

IFCET-EQ.0.0)ET=100=40

EFX(MoN)==100.0e(POTI(MIoNI=POTI(M-NII/ET
40 EFY(MoNI==100.0e{POT{H-N3)=POT(HoNII/ETY

RETURN

END

SUBROUTINE SLOPEUNPL FeFXeFY)
€ CALCULATYES SLOPES ON SURFACE F
C AVERAGES SLOPES FROM ELEMENTYS ON EIYHER SIDE OF ECACH POINT.
DIMENSION FUL1o61)eFXCLLo41)aFY(b61os1)
DO 40 Ms1.NPL
Hiz¥=1
Hi=Mel
IFEM.E0,1IML=1
IF (M. EQ.NPLIMI=NPL
DO 40 N=1.NPL
Nl=N=l
NizNel
IF{N.EQ.1INL=1
IF(N-EQNPLINI=NPL
FXCHMoNI2{=F{HLIoNI*F{M3IeN}I/2.0 -
50 FY(MaNI=(=F{HsNI1IF (Mo NI)II/2:0
RETURN
END

SUBROUTINE PRINTACDATAo IF o ILXo IF VYo ILY  NSKEeNSARYoAL)
C GENERAL ROUTINE FOR PRINTING ARRAYS
DIHENSION DATACL1,41)
PRINT 105»A1
105 FORMAT(1M]-20X-,eTHE FOLLOWING DATA ARRAY IS e0A10)
PRINT 1080IFXs ILXoNSKX,IFY» ILYNSKY
DO &0 M=1FX, ILXsNSKY
PRINT 100.H
60 PRINT 110, ({DATA(H-NIYoN=IFYL ILY o NSKY)
100 FORMAT(SH,soX COORDINATE 150,153
110 FORMAT(10(1X»611.5))
108 FORMAT(4XeoaF IRST A=, 13s2 oL ASTH=es13ee »S5KIPXE2513p2 oFIRSTV=es
CI3se oLASTY=e5s[300 »SKIPY3e,13}
RETURN
END

SUBRDUTINE PRNTVTAL(NPL-DATA-ALD
€ PRINTS ALL ELEMENTS IN THE ARRAY DATA
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DIMENSION DATACL1041)

IFX=1

ILX=NPL

NSKX=1

IFY=1

ILY=NPL

NSKY =1

CALL PRINTACDATA» IFXo ILXs IFYo ILY o NSHXoNSKYoALD
RETURN

END

SUBROUVINE PLOTAL(DATA-NPL2A1-DATD
CONTOUR PLOTING ROUTINE FOR PLOTING ALL POINTS IN DATA
COMMON/IGSZZ2/2€200)
DIMENSION DATACL16o413-0ATCNPLo Do LARCS)
REPACK DATA INTO DAY
DO 10 H=1,NPL
00 10 N=1-NPL
M AND N ARE SWITCHED YO ACCOMMDDATE PLOT ROUTINES.
10 DATI(N-MISDATA(MSNI
SET UP LABEL
ENCODE(&0-100-LABIAL
100 FORMAT(eTOPOGRAPHIC EFFECTS e»A103
THE FOLLOWING ARE LBL BERKELEY PLOVT SUBROUVINES.
CALL EZCNTRODAToNPL-NPL)
CALL SETSMG(Z-14-3.0)
CALL LEGNDG(Z-38.0,97.5-30-LAB)
CALL SETSHMGIZs1460.03
CALL PAGEG(Z-00151)
RETURN
END

SUBROUTINE GPLOTIC(DATA-NPLosALsDAT IF Xs ILXeo NSHPX, IF Y- IL Y- NSKPY)
ROUTINES GPLOTY AND GPLOTZ2 WORK TOGETHER Y0 PLOYT SPARSE ARRAYS
DIMFNSION DATACLL-61),DATCS1,41)
NK=0
B0 10 IT=IFXsILXeNSKPY
10 NR=sNKel
CALL GPLOT2(DATA-NKoAl-DATs IFXo IL Yo NSKPXoIF Yo ILY NSKPY)
RETURN
END

SUBROUTINE GPLOT2(DATA-NKoAL-DAT, IF o JL Yo NSKPX, IFY-ILYeNSKPY)
ROUTINES GPLOT1 AND GPLOTZ2 WORK TOGRTHER 7O PLOY SPARSE ARRAYS
COMMON/IGSZZ22/72(200)
DIMENSION DATA(L1,41)oDATENRo 1)L ABCG)
M=0
DO 10 I[=IFX-ILXoNSKPX
MzMe }
N=0
DO 10 J=IFYeILYo NSKPY
NaNel
10 DATIN MISDATALI»J)
SET UP LABEL FOR PLOY
ENCODEC(30,100.,LABYAL
100 FORMAT(eTQPOGRAPHIC EFFECTS esA10)
THE FOLLOWING ARE LBL DERKELEY PLOT SUBRODUTINES.
CALL EZCNTRCDATS NH» NK)
CALL SCTSHGLZ,14+5340)
CALL LEGNDG(Z»38.0597.5030,LA8)
CALL SETSMG(Z2,14-0.0)
CALL PAGEG(Zs0,101)
RETURN
END

SUBROUTINE GPLOTI(DATAXDATAY NK-ALI-DATY-DATY,IFXs ILX-NSKPX,
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€ IFY»ILYoNSKPY)

C PLOTS HORIZONTAL FIELD VECYORS AS ARROWS

10
€ SEY

100
€ THE

Loeoe
Ceosw
Caes
C
Coowe

CaARD1
CARDZ2
CARD3
CARDS
CARDS
SOQURC
IMAGE

COMMON/1GSZZZ/2(200)

DIMENSION DATAXC&1o61)oDATAVC610612oDATHENK, 1) DATYINKo12-LABCA)
M=0

DO 10 I1=IFXsILXoNSKPX

HzMel

N=0

DO 10 JsIFVeILYsNSKPY

NsN+1

DATY(NsMI=DATAY( o)

DATX(N-MIZDATAXCIod)

UP LABEL FOR PLOT

ENCODEC30-100,LABYAYL

FORMAT(» TOPOGRAPHIC EFFECTS 6,410)

FOLLOWING ARE LBL SERKELEY PLOT SUBROUTINES,
CALL LZVECCDATY,DATX,NKoNK)

CALL SETSMG(Zr1453.0)

CALL LEGNDGLZo38.00975-30,LA8)

CALL SETSMG(Zs1650.0)

CALL PAGEG(Z,0,101)

RETURN
END
SAMPLE CARD DECK FOR 2-D RIDGE MODEL WITH 20 DEGREE SLOPES eve
THE MODEL SUFRACE 15 CREATED BY SUBROUTINE CSURFS es8e
MODEL IS EQUIVALENTY TO THESIS HMODEL R=5A20-18B eoe
@Q@ai eeem@aeansao@@ casazseaﬁeaoaeé aazeaeaseegeedaéﬂsseﬁameeeaa@sy
b1 20 6 i 0 21.6839 8.0
1 2 0 1060 0.010 1.0 1.0
35 20 &0 2 2
1.0 i.0 0.0 1.0 1.0 1.0
1060 10,0 .
E 260.0 20000 21.838 1.0
2600 200.0 21,838 1.0
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Figure 2-3-1. An inhomogeneity of conductivity o2 imbedded
in a whole-space of conductivity o3 with a
current source 1 located at C.
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Figure 2-3-2. A subsurface current source imbedded in a hill.
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Figure 2-3-3. Integral equation approach employing an
image of the topography and current
source.
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Figure 2-3-4. Schematic representations of the surface charge

distributions due to: (a) a subsurface current

source; (b) a current source image above a per-
fectly conducting earth; and (c) the superposi-
tion of the charge distributions in (a) and (b).



Figure 2-8-1. Geometry for the evaluation of the potential
at the center of a surface element carrying
a uniform charge density. The integration
over charge is carried out over the shaded
portion of the element.

133



TYPE &
(]

TYPE 2 TYPE 4
© @

TYPE © TYPE 1 TYPE 3
@ 8

€ OBSERVATION POINT

Figure 2-8-2. Surface element geometric types for elements
surrounding an observation point. The po-
tential at the observation point due to
charge on a neighboring element is deter-
mined by analytic integration,
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Figure 2-8-3. (a) Geometry of model surfaces when the current
source and image are symmetric about the plane
of the outer grid.

(b) Geometry of surfaces when symmetry of source
and image does not exist with the outer grid,
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Figure 2-11-1. Surfaces used for the calculation of the total.
magnetic field. Surfaces S. and S. intersect
directly above the current source I. Surface
St is the model topography; S_ is the outer

. .0 .
horizontal surface surrounding ST; and SI is
the inner horizontal surface.
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Figure 3-1-1. Comparison of integral equation (author's) and
finite element (Fox et al, 1980) dipole-dipole
apparent resistivity model psudeo-sections
computed for a 2-D valley with 10° slopes.
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Figure 3-1-2. 41 x 41 element model surface used to represent
a hemispherical depression. A current source
is located at I and the fields are measured
along lines A, B, and C.
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Figure 3-1-3. Comparison of analytic equation and integral
equation model solutions for the vertical
magnetic field anomalies over a hemispherical
depression.
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Figure 3-1-4. 41 x 41 element model surface used to represent
a dipping interface (sloping terrain surface).
A current source is located at I. The magnetic
fields are measured along line A.
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Figure 3-1-5. Comparison of analytic equation and integral
equation model solutions for the horizontal
magnetic field anomaly over an interface
dipping at 11.25°,
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Figure 3-1-6. Comparison of analytic equation and integral
equation model solutions for the vertical
magnetic field anomaly over an interface
dipping at 11,25°,
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CONTOURS

Figure 3-3-1. Topography in the resistivity survey area
around test drill hole D=9. The area
shown corresponds to the central 41 x 41
elements of a 61 x 61 element terrain
model .
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Figure 3-3-2., Current electrode configuration used for the
mise-a~la~-masse resistivity survey in the
area around drill hole D=9.
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MEASURED
APPARENT RESISTIVITIES

METERS 10 OHM-METER
P, CONTOURS

0 100 200

Figure 3-3-3. Actual mise-a-la-masse apparent resistivities
measured on the surface around drill hole
D-9.
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TERRAIN MODEL
APPARENT RESISTIVITIES

e CONTOURS

Figure 3-3-4., Terrain model mise-a-la-masse apparent resis=-
tivities computed on the surface around drill
hole D-9.
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TERRAIN CORRECTED
APPARENT RESISTIVITIES

10 OHM-METER

0 100 200

CONTOURS

Figure 3-3-5. Terrain corrected mise~a-la-masse apparent
resistivities for the area around drill
hole D-9.
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INTERPRETATION

METERS — 5
0 100 200 SULFIDE BODY

Figure 3-3-6. Qualitative interpretation of the terrain
corrected mise~a-la=masse apparent resis-
tivities in the vicinity of drill hole
Dsge
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Figure 3-5-1. Topography of the MMR survey area around
drill hole D-9. The area shown corres-
ponds to the central 41 x 41 element of
a 61 x 61 element terrain model,
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Figure 3-5-2., Current electrode configuration used for
the MMR survey in the area of drill hole

D-9.
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Figure 3-5-3. Actual MMR magnetic fields measured on the
surface around drill hole D-9.
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Figure 3-5-4,
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Terrain model MMR magnetic fields computed
on the surface around drill hole D-9,
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HALF-SPACE
MAGNETIC FIELDS
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Figure 3-5-5, Half-space surface MMR magnetic fields computed
in the vicinity of drill hole D=9,
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Figure 3-5-6. Measured MMR magnetic fields with terrain

model fields removed, i.e., terrain cor-
rected fields.
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Figure 3-5=7. Qualitative interpretation of the terrain
corrected magnetic field in the vicinity
of drill hole D-9.
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Figure 3-6-1, Model topography. Complete 61 x 61 element model
surface used to model the mise-a~la-masse and
MMR surveys in the vicinity of drill hole D-9.
Contour interval of 0.7 model units (or 21
meters). Increasing elevations indicated by
decreasing contour values,
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Figure 3-6-2. West-east section through the model topography
and drill hole D-9 showing the locations of
down-hole current sources and above-surface
current source images.



SURFACE CHARGE DENSITY
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Figure 3-6-3. Surface charge density on the 61 x 6]
element model surface.
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ENLARGEMENT OF CENTER SECTION OF MODEL GRID

SURFACE CHARGE DENSITY
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ELECTRIC POTENTIAL
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Figure 3-6-5., Electric potential on the model surface relative
’ to a reference potential electrode at infinity.
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PERCENT OF POTENTIAL SOLUTION DUE TO SURFACE CHARGE
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APPARENT RESISTIVITY
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Figure 3-6-7,
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Model apparent resistivities computed from the
total potential using flat earth geometric
factors and straight lines distances between
electrodes. (61 x 61 element model surface).
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HORIZONTAL B FIELD DUE TO WIRE
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Figure 3-6-8. Horizontal vector magnetic fields on the
model surface due to current flow in
the wires connected to the down-hole
current electrodes.
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Bz FIELD DUE TO WIRE
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Figure 3-6-9. Vertical magnetic field on the model surface
due to current flow in the wires connected
to the down-hole current electrodes.

164



165

HORIZONTAL B FIELD WITHOUT WIRE
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Figure 3-6-10. Horizontal vector magnetic fields on the
model surface due to current flow {(from
the down-hole electrodes) in the homo-
geneous earth model.
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Bz FIELD WITHOUT WIRE
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Vertical magnetic field on the model surface

Figure 3-6-11,

due to current flow (from the down-hole
electrodes) in the homogeneous earth

model .



HORIZONTAL B FIELD WITH WIRE
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Figure 3-6-12. Horizontal magnetic field vectors on the mode
surface due to current flow in the wires and
in the earth.
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Figure 3-6-14, Magnetic field x (north) component on the model
surface due to current flow in the wires and
in the earth. (61 x 61 element model surface).
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APPARENT RESISTIVITY GRID 51 by 51
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Figure 3-6-16. Model apparent resistivities computed from the
total potential using flat earth geometric
factors and straight line distances between
electrodes. (51 x 51 element model surface).
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earth. (51 x 51 element model surface).
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Figure 3-6-19., Combined plots of horizontal and vertical
magnetic fields on the horizontal surface
of a homogeneous earth model due to current
flow in the wires and in the earth.
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Figure 3-6-20. Combined plots of horizontal and vertical
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surface of a homogeneous earth model
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MODEL TERRAIN CASE: R-SA30

Figure 3-7-1. 2-D ridge with 30° slopes.
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PERCENT CHANGE IN Ex FIELD
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Figure 3-7-2. Percent surface electric field anomaly caused
by a uniform electric field perpendicular to
the strike of a 2-D ridge with 30° slopes.
Negative values indicate an increase in
electric field strength.
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Figure 3-7-4. Percent surface electric field anomaly caused
by a 3-D hill with 20° slopes in a uniform
horizontal electric field. Negative values
indicate an increase in electric field
strength.



MODEL TERRAIN CASE: R-SA10
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Figure 3-8-1. 2-D ridge model with 10° slopes. Current
electrode locations at A, B, and C.
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Figure 3-8-3. 2-D ridge model with 30° slopes. Current
electrode locations at A, B, and C.
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CASE: V-SAZ20
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Figure 3-8-4,

2-D valley model with 20° slopes. Current

electrode locations at A, B, and C.
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Figure 3-8=5. 3=D hill model with 10° slopes. Current
electrode locations at A, B, and C
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MODEL TERRAIN CASE: M-SA30
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Figure 3-8-7. 3-D hill model with 30° slopes. Current
electrode locations at A, B, and C.
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APPARENT RESISTIVITY CASE: R-SA10-~IB
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APPARENT RESISTIVITY CASE: R-SA20-IA
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APPARENT RESISTIVITY CASE: R-SA20-1B
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APPARENT RESISTIVITY CASE: R-SA20-IC
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APPARENT RESISTIVITY CASE: R-SA30-1B
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APPARENT RESISTIVITY CASE: V-SA20-IA
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APPARENT RESISTIVITY CASE: V-SA20-1B
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APPARENT RESISTIVITY CASE: V-8A20-1IC
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APPARENT RESISTIVITY CASE: M-SA10-1IB
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APPARENT RESISTIVITY CASE: M-SA20-1IB
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APPARENT RESISTIVITY CASE: M-SA20-IC
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APPARENT RESISTIVITY CASE: M-SA30-1B
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APPARENT RESISTIVITY CASE: S-S5SA20-1B
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APPARENT RESISTIVITY CASE: S-SA20-IC
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Figure 3-9-1. Comparison of vertical magnetic field anomalies

calculated with the full numerical solution and
with an approximate method using half-space
electric fields and surface slopes.
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OBSERVATION POINT

Figure II-1. Diagram defining the angles and distances used
to determine the magnetic field due to current
flow in a finite length straight wire segment.






